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ABSTRACT
HARSHAL PARIKH: Evaluation and Development of Algortihms to
Describe Organic Aerosol Formation
(Under the direction of William Vizuete)
SOA modeling frameworks in regional and global-scale air quality models have
utilized parameterized approaches (2-product or VBS) to predict SOA from primary
VOC species. SOA formation routinely employs NOx-dependent SOA yields for
various primary VOC species, that act as precursors of SOA. The result is formation
of empirical semi-volatile products. Recent studies have also included OA formation
due to aging of semi-volatile and intermediate volatility VBS products from emissions
of primary organic gases, formed due to evaporation of semi-volatile POA in the
atmosphere. The semi-volatile products are partitioned into the particle liquid-
phase frequently using the absorption theory of Pankow that assumes instantaneous
thermodynamic equilibrium for gas-particle partitioning. Further, in the last few
years, the role and complexity of uptake of polar species on aqueous-phase under high
relative-humidity conditions has been recognized, and new detailed mechanisms and
overall uptake coefficients have been proposed.
The goal of this dissertation is to propose new SOA algorithms and to evaluate
existing and the newly proposed SOA algorithms, by numerically simulating outdoor
smog chamber experiments performed at UNC. The experiments include a variety
of aromatic precursors (toluene and xylenes), under varying conditions of seed type,
initial seed concentration, and relative humidity. In addition, the initial gas-phase con-
ditions for experiments include different conditions of a non-SOA-forming hydrocarbon
(HCmix) mixture (comprising of short-chain alkanes/alkenes), diesel exhaust and/or
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meat cooking emissions. The first and second part of this dissertation highlights
the problems associated with the applicability of the thermodynamic equilibrium
assumption for current empirical parameterizations under certain environmental con-
ditions (low initial particle concentration, presence of HCmix and low RH). SOA
is severely over-predicted under these conditions. A pseudo mass-transfer limiting
dynamic gas-particle partioning approach is proposed. This approach substantially
improves model performance under the mentioned conditions. For high RH conditions,
the incorporation of particle aqueous-phase chemistry highlights the importance of
aqueous-phase SOA. In the third part of the dissertation, we propose an alternative
hybrid SOA framework that successfully uses a condensed kinetic modeling approaches
to predict SOA from aromatic oxidation and a parameterized VBS approach to predict
SOA from complex diesel exhaust and meat cooking emissions.
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CHAPTER 1
INTRODUCTION
Local and regional air pollution by submicron atmospheric aerosols play an im-
portant role in climate by influencing Earths energy balance (IPCC, 2007) and have
adverse effects on human health (Pope and Dockery, 2006). 20-90% of aerosol mass
in the lower troposphere is made up of organic compounds (Kanakidou et al., 2005).
A complete understanding of the climate and health effects of atmospheric aerosols
thus requires knowledge on the sources, composition, properties and mechanisms of
formation of organic aerosol, so that their loading in the atmosphere can be accurately
modeled. (Hallquist et al., 2009; Kroll and Seinfeld, 2008)
The most uncertain component is probably the formation and evaluation of
secondary organic aerosol (SOA), atmospheric aerosols formed by the chemical trans-
formation of atmospheric organic compounds. The mechanism of SOA formation is the
multigenerational oxidation of volatile organic compounds (VOC), forming products
of lower volatility that subsequently partition into the condensed phase. Reactions
of intermediate and semi-volatile organics originally emitted in the condensed phase
may also lead to formation of SOA (Robinson et al., 2007).
Predictive models that incorporate the mechanisms of SOA formation provide
tremendous insights into filling the gaps in our scientific understanding and reducing
uncertainties (Volkamer et al., 2007). The key concept that describe modern treat-
ments of SOA is that it is composed predominantly of semivolatile organics (Odum
et al., 1996), allowing for the description of SOA formation in terms of gasparticle
partitioning.The absorptive partitioning of semivolatiles is described by the theory
of equilibrium gas-liquid partitioning (Pankow, 1994). Theoretically, SOA formation
can be calculated by carrying out the summation over all semivolatile compounds
formed in a given reaction, but this degree of detail is generally infeasible owing to the
large number of products formed and the uncertainty in SOA formation mechanisms.
Instead, parameterized mechanisms, that use two (Odum ”two-product model”) or
four (Volatility basis-set [VBS]) surrogate products, or condensed kinetic mechanisms
(CB05-UNC Toluene or PM-SAPRC07) have been used to express the volatility
distribution from SOA-forming reactions of VOC precursors. Donahue et al. (2006)
have also shown that intermediate and semi-volatile organics originally emitted in
the condensed phase is more accurately represented by a larger number of surrogate
products (typically 10 products) spanning a wide range of volatilities.
Given the use of SOA formation mechanisms with surrogate products, whose
parameterizations have been developed in independent chamber studies under a fixed
set of environmental conditions, and the assumption of thermodynamic equilibrium for
gas-particle partitioning, we first evaluate this SOA framework using predictive model-
ing of outdoor smog chamber data. The experiments for the evaluation are conducted
under wide variety of environmental conditions: seed type and concentration, relative
humidity (RH) and presence of non-SOA-forming hydrocarbon mixture. This disserta-
tion specifically focusses on aromatic VOC precursors, because they are considered to
be the most significant SOA precursors amongst the anthropogenic volatile organics
(Henze et al., 2008). Chapter 2 of this dissertation describes this evaluation in detail
for toluene experiments. Based on the evaluation results I further propose a new SOA
framework that uses a generalized dynamic gas-particle partitioning formulation, that
can account for kinetic and gas-particle transport limitations to SOA formation. An
additional pathway of SOA formation through uptake of polar products in particle
aqueous-phase is incorporated in this new framework, and the importance of this path-
way is highlighted for high RH experiments. Chapter 3 of the dissertation specifically
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evaluates the new SOA framework for xylene and aromatic mixture experiments. In
addition to the evaluation, a comprehensive sensitivity analysis is performed on the
new SOA framework with respect to the choice of gas-phase (CB05 vs. SAPRC07)
and SOA formation mechanism (Odum 2-product vs. VBS), the uptake mechanism of
polar products to particle aqueous-phase (reactive bulk vs. reactive surface uptake)
and the variation in SOA predictions to changing accommodation coefficient values.
Chapter 4 of the dissertation evaluates a hybrid SOA framework, that combines a
condensed kinetic mechanism with a VBS representation of intermediate and semi-
volatile organics from diesel and meat exhaust. I conclude my dissertation in Chapter
5 with a summary of findings and discussion of implications for future work.
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CHAPTER 2
MODELING SECONDARY ORGANIC AEROSOL USING A
DYNAMIC PARTITIONING APPROACH INCORPORATING
PARTICLE AQUEOUS-PHASE CHEMISTRY
This section of my dissertation was published in Atmospheric Environment in
February of 20111. The article has been reformatted to meet the dissertation standards
of the UNC graduate school.
2.1 Introduction
It is well established that submicron atmospheric aerosols play an important role
in climate and have adverse effects on human health. Secondary organic aerosol (SOA)
contributes substantially to submicron atmospheric aerosols (Hallquist et al., 2009).
Considerable uncertainty regarding SOA, in terms of potential sources (Goldstein and
Galbally, 2007) and formation processes (Hallquist et al., 2009), hinders its accurate
quantitative description of amounts and the associated effects in predictive air quality
models (AQMs).
Aromatic hydrocarbons are considered to be the most significant SOA precursors
amongst the anthropogenic volatile organics (Henze et al., 2008). Current AQMs like
Community Multi-scale Air Quality (CMAQ) modeling system and the Goddard Earth
Observing System (GEOS)-Chem global chemical transport model predict SOA from
aromatics using a two-product reversible partitioning mechanism, developed by Odum
et al. (1996), for the high-NOx pathway and a single low saturation concentration
1Previously published as: Parikh, H.M., Carlton, A.G., Vizuete, W., Kamens, R.M., 2011.
Modeling secondary organic aerosol using a dynamic partitioning approach incorporating particle
aqueous-phase chemistry. Atmospheric Environment 45, 1126-1137.
(c∗) product with constant yield for the low-NOx pathway (Carlton et al., 2010;
Henze et al., 2008). The empirical yield parameters for products from both pathways
were obtained from recent smog chamber experiments by Ng et al. (2007). Another
recent empirical approach to characterize SOA formation in air quality models is
the Volatility Basis Set (VBS) (Farina et al., 2010; Lane et al., 2008b; Tsimpidi
et al., 2010), in which products are separated based on their volatility bins (c∗ values)
and mass yields for all products are determined by fitting experimental yield data
(Hildebrandt et al., 2009; Robinson et al., 2007).
Current AQMs typically under predict total SOA particularly in urban areas
(de Gouw and Jimenez, 2009). A number of explanations have been put forward to
explain the persistent negative bias. Inclusion of organic species with intermediate
volatility (103 ≤ c∗ ≤ 106 µg/m3) in emission inventories leads to better agreement of
AQM organic aerosol predictions with observations (Robinson et al., 2007; Tsimpidi
et al., 2010). Additional SOA formation pathways from uptake and accretion reactions
of glyoxal and other related polar compounds in the aerosol aqueous phase likely
also contribute to this underestimation (Carlton et al., 2008; Corrigan et al., 2008;
Dzepina et al., 2009; Volkamer et al., 2007). Aqueous-phase SOA may also explain
the higher oxygen-to-carbon ratio in ambient SOA (Volkamer et al., 2007). The under
prediction of SOA is however not applicable to all modeling situations. Tsigaridis
and Kanakidou (2003) report under prediction by an order-of-magnitude in marine
and remote-marine regions but no under prediction in polluted areas. Park et al.
(2006) showed a reasonable match (R2 = 0.49 on annual mean and R2 = 0.27-0.52
on seasonal means with no apparent biases) of predicted organic aerosol (OA) with
data from Interagency Monitoring of Protected Visual Environments (IMPROVE)
network.
Discrepancies among the models and ambient measurements can arise from the
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failure of models to include the wide array of recent laboratory findings. For example,
recent analysis have found that SOA yields can be directly proportional to aerosol
particle surface concentrations (Lu et al., 2009) and not all organic carbon is available
for SOA partitioning due to incomplete mixing (Song et al., 2007b). Further, SOA
parameterizations in AQMs are built from a single set of experiments but empirical
yield parameters (i.e., α and c∗) from different chamber studies widely vary due
to experimental design. For example, yield calculations can be dependent on the
initial aerosol loading (Kroll et al., 2007), the presence of propylene (Takekawa et al.,
2003), which affects OH concentrations (Song et al., 2007a) and chamber size, which
affects loss of semi-volatile products and particles to chamber walls (Hildebrandt
et al., 2009). Specific to toluene SOA, early chamber studies found yields (Izumi and
Fukuyama, 1990; Kleindienst et al., 1999) that are lower than more recent studies
(Hildebrandt et al., 2009; Ng et al., 2007). This likely arises because earlier efforts
involved classical photooxidation experiments(Izumi and Fukuyama, 1990; Odum
et al., 1996; Song et al., 2007a), where the NOx concentration in the chamber changes
throughout the course of the experiment, making it difficult to differentiate between
high-NOx and low-NOx yields. Recent efforts (Hildebrandt et al., 2009; Ng et al.,
2007) have focused on establishing the NOx dependence of SOA formation from
aromatic hydrocarbons, by carefully designing experimental conditions for high-NOx
and low-NOx environment. Higher OH radical concentrations are expected in these
recent experiments compared to classical photooxidation experiments, leading to SOA
yields that represent semi-volatile products resulting from multi-generational toluene
oxidation chemistry in particle organic-phase.
In this paper, we use new smog chamber experiments (see Table 2.1) at very low
initial aerosol to explore the validity of the assumption of instantaneous thermodynamic
equilibrium (Kroll et al., 2007) for toluene SOA formation and varying humidity to
6
study aqueous-phase SOA formation, under different gas-phase conditions. We chose
toluene SOA precursor for the evaluation, since it is most abundant in the urban
atmosphere comprising 20-40% of total aromatics (Calvert et al., 2002) and produces
high SOA yields compared to other aromatics (Dechapanya et al., 2003). We first
evaluate a SOA module that assumes thermodynamic equilibrium for gas-particle
partitioning and is traditionally used in AQMs in conjunction with a condensed
gas-phase mechanism e.g., Carbon Bond 05 (Yarwood et al., 2005) (CB05). Although
there are recent development efforts for toluene SOA mechanisms involving a detailed
predictive model that employs both partitioning and heterogeneous reactions combined
with more explicit gas-phase chemistry (Cao and Jang, 2010; Kamens et al., 2011),
our main focus is to evaluate SOA modules currently used to predict SOA in AQMs
with independent and controlled smog chamber data. Evaluations are performed
separately for implementations of both the Odum-type and VBS yield parameterization,
namely from Ng et al. (2007) and Hildebrandt et al. (2009), in the SOA module.
Based on these results, we propose and further evaluate a SOA module that uses the
above yield parameterizations within a new framework that include: 1. A dynamic
approach for gas-particle absorptive partitioning of semi-volatile organic products
with accommodation coefficient as the principal transport parameter (Bowman et al.,
1997). 2. Loss of gas-phase semi-volatile products due to reactions in the presence
of non-SOA-forming hydrocarbon (HC) mixture (Kroll et al., 2007). 3. Particle
aqueous-phase SOA formation dependent on the liquid water content (LWC) of the
aerosol seed with the assumption of a bulk-limited process (Ervens and Volkamer,
2010).
7
Table 2.1: Summary of Initial Experimental Conditionsa.
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Exp 
No. 
Exp. Idb Toluene 
(ppmC) 
HCc 
(ppmC) 
NO 
(ppb) 
NO2 
(ppb) 
Mseedd 
(µg/m3) 
Initial 
Seed 
Typee 
%RH 
Range
f 
SAg 
(µm2/cm3) 
Initial toluene-HC-NOx and (NH4)2SO4 seed injection 
1 ST2607N 1 3 171 27 6.9 (NH4)2SO4 89-43 333 
2 ST2407N 1 3 178 13 38.4 (NH4)2SO4 10-5 480 
Initial toluene-HC-NOx injection and background seed 
3 JN1707N 1 3 182 25 3.3 Bkg 87-43 154 
4 ST1808N 0.67 1.5 75 15 4.0 Bkg 92-31 66 
5 ST1808S 0.5 1 57 16 1.7 Bkg 92-30 59 
6 JL1207N 1 3 142 62 0.4 Bkg 56-24 64 
7 AU0107N 1 3 184 20 0.3 Bkg 18-8 53 
8 AU0107S 1 3 184 20 1.4 Bkg 34-14 56 
Initial toluene-NOx injection 
9 JL2705S 0.7 - 91 42 1 Bkg 13-9 124 
10 OC1604N 7 - 96 14 2 Bkg 51-20 1915 
a Outdoor smog chamber with temperature varying from 288 to 310 K. b Experiment identifier in 1 
MMDDYYN/S format, where, MM is two letter month initials, DD is the experiment day, YY is the 2 
experiment year and N or S represents chamber side in which experiment was performed – N: North 3 
side, S: South side. c HC is the hydrocarbon mixture (composition shown in Table 2). d Mseed is the 4 
initial aerosol mass loading in the chamber. e Initial seed type “Bkg” represents background seed at the 5 
chamber site location in Pittsboro, NC. The composition of background seed is measured to be ~25% 6 
sulfates, 10% nitrates and rest is primary and aged organic material. f Represents the range of RH in 7 
the chamber for the duration of the experiments. Higher RH is typically measured earlier in the day. 8 
Water-uptake capacity of background seed is assumed to be 25% of its total volume (approximately 9 
equal to it’s sulfate fraction). A particle density of 1.76 was applied to raw (NH4)2SO4 SMPS data and 10 
sulfate fraction of background seed; the mass of secondary and preexisting organic fraction of 11 
background seed was calculated assuming a density of 1.4 g/cm3 and 1.1 g/cm3 respectively; the 12 
corrected SMPS data includes estimated particle liquid water content (LWC) at chamber RH. g 13 
Represents the average observed particle surface area for each experiment. 14 
Table 2. Carbon Fraction in Hydrocarbon Mixture High Pressure Tanka 15 
Compound Carbon Fraction 
isopentane 0.16135 
n-pentane 0.25285 
2-methylpentane 0.08363 
2,3-dimethylpentane 0.08301 
2,2,4-trimethylpentane 0.11157 
aOutdoor smog chamber with temperature varying from 288 to 310 K.
bExperiment identifier in MMDDYYN/S format, where, MM is two lett r month
initials, DD is the experiment day, YY is the experiment year and N or S represents
chamber side in which experiment was performed N: North side, S: South side.
cHC is the hyd ocarbon mix ur (co posit on shown in Tabl 2.2).
dMseed is the initial aerosol mass loading in the chamber.
eInitial seed type Bkg represents background seed at the chamber site location in
Pittsboro, NC. The composition of background seed is measured to be 25% sulfates,
10% nitrates and rest is primary and aged organic material.
fRepresents the range of RH in the chamber for the duration of the experiments. Higher
RH is typic lly measured ea lie i the day. Wate -uptake capacity of background
seed is assumed to be 25% of its total volume (approximately equal to its sulfate
fraction). A particle density of 1.76 was applied to raw (NH4)2SO4 SMPS data and
sulfate fraction of background seed; the mass of secondary and pre-existing organic
fraction of background seed was calculated assuming a density of 1.4 g/cm3 and 1.1
g/cm3 respectively; the corrected SMPS data includes estimated particle liquid water
content (LWC) at chamber RH.
gRepresents the average observed particle surface area for each experiment.
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2.2 Materials and Methods
2.2.1 Experimental design and conditions
All experiments were conducted at the University of North Carolina (UNC) outdoor
aerosol smog chamber located in Pittsboro, NC and details along with measurement
instruments are described elsewhere (Hu and Kamens, 2007; Kamens et al., 2011) and
in the supplementary information (Section A.1). Table 2.1 lists all experiments, with
descriptions of smog chamber conditions including initial particle, HC mixture, toluene
and NOx concentrations, relative humidity range and average observed particle surface
area for each experiment. The composition of the HC mixture injected in chamber
Experiments 1 to 8 is shown in Table 2.2. For Experiments 1 and 2, (NH4)2SO4
particles were nebulized into the chamber, and not passed through a dryer. For
Experiments 3 to 10, the background aerosol present in the chamber prior to starting
the experiments represents the initial aerosol loading. The composition of typical
background aerosol at the Pittsboro chamber site has been measured before and
consists of 25% sulfates, 10% nitrates and 65% aged and primary organics (Kamens
et al., 2011). Based on these measurements, the water-uptake capacity of background
seed aerosol is assumed to be 35% pure (NH4)2SO4 seed. To convert SMPS volume
data to mass concentrations, an organic mass density of 1.4 g/cm3 is assumed for
the secondary organic fraction, mass density of 1.1 g/cm3 is assumed for the pre-
existing organic fraction (if present) and mass density of 1.76 g/cm3 is assumed for
the inorganic fraction of the SMPS volume data (Bahreini et al., 2005; Kamens et al.,
2011). Also, the measured SMPS volume data is corrected for LWC of the aerosol
seed. LWC is computed from RH in the chamber using the (NH4)2SO4 water-uptake
vs. RH relationship given in the supplementary information (Section A.2: Figure
A.1).
Wall-losses in the chamber have been previously measured for both wet and dry
9
Table 2.2: Carbon Fraction in Hydrocarbon Mixture High Pressure Tanka.
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Represents the average observed particle surface area for each experiment. 1 
 2 
 3 
 4 
 5 
Table 2. Carbon Fraction in Hydrocarbon Mixture High Pressure Tanka 6 
Compound Carbon Fraction 
isopentane 0.16135 
n-pentane 0.25285 
2-methylpentane 0.08363 
2,3-dimethylpentane 0.08301 
2,2,4-trimethylpentane 0.11157 
ethylene 0.13051 
propylene 0.05154 
1-butene 0.02805 
cis-2-butene 0.03074 
2-methyl-1-butene 0.03923 
2-methyl-2-butene 0.02753 
Total 1.0000 
a Total hydrocarbon concentration is 10,000 ppmC 7 
Table 3. Secondary Organic Aerosol (SOA) Mass Yield Parameters for Toluene SOA Precursor 8 
Ng et al. (2007) 
c*sat (ref), Saturation Concentration (µg/m3) 2.326 21.277   
!high, High-NOx, 20 oC 0.058 0.113   
!Hvap, Enthalpy of vaporization a (kJ/mol) 18 18   
MW, Molecular Weight (g) 168 168   
c*sat (ref), Saturation Concentration (µg/m3) 0.0    
!low, Low-NOx, 20 oC 0.36    
!Hvap, Enthalpy of vaporization (kJ/mol) NAb    
MW, Molecular Weight (g) 168    
Hildebrandt et al. (2009) 
aTotal hydrocarbon concentration is 10,000 ppmC
conditions (Hu and Kamens, 2007; Kamens et al., 2011). Under dry conditions, total
particle mass loss half- liv s (t1/2) were 12 hours. Under more humid conditions
t1/2 increases up to 17 to 18 hours, due to the diminished electrostatic forces on
the Teflon walls of the chamber. The loss of or anic vapors to chamber walls is
based on loss-related vapor pressures previously measured for polycyclic aromatic
hydrocarbons in the UNC chamber. Due to the large size of our chamber, and as
indicated by the long particle t1/2, wall loses from condensation of organic vapors
to wall particles is negligible, though in smaller chambers this may not be a good
assumption (Hildebrandt et al., 2009).
2.2.2 Modeling framework
The implementation of an SOA modeling framework generally involves a condensed
gas-phase mechanism in conjunction with an SOA module that determines partitioning
of semi-volatile products either using an instantaneous thermodynamic equilibrium
10
assumption or a more computationally expensive dynamic partitioning approach. For
this study, gas-phase chemistry in the chamber is simulated using CB05. Details
on the implementation of semi-volatile product formation through the toluene decay
reaction in CB05 have been described in the supplementary material (Section A.3).
SOA frameworks using an instantaneous thermodynamic equilibrium assumption
are commonly used in AQMs and have been described in detail in previous studies
(Schell et al., 2001). The implementation of SOA module with equilibrium gas-particle
partitioning in this study is similar to the aerosol module used in CMAQv4.7 (Carlton
et al., 2010). Figure 2.1(a) and (b) show a conceptual diagram of this module for
Odum-type and VBS parameterizations. Further implementation details of this
module are described in the supplementary material (Section A.4).
Toluene SV_TOL1eq  SV_TOL2eq 
·OH / NO 
·OH/ ·HO
2  
ATOL1 
ATOL2 
ATOL3 
AOLGA 
POA 
Organic Aerosol (a) 
Toluene 
SV_TOL1eq  
SV_TOL2eq 
SV_TOL3eq 
SV_TOL4eq 
·OH / NO 
·OH/ ·HO
2   
ATOL1 
ATOL2 
ATOL3 
ATOL4 
POA 
Organic Aerosol (b) 
SV_TOL5eq 
SV_TOL6eq 
SV_TOL7eq 
SV_TOL8eq 
ATOL5 
ATOL6 
ATOL7 
ATOL8 
AOLGA 
Figure 2.1: (a) Conceptual diagram of components of the Odum-type SOA yield
parameterization and (b) components of VBS SOA parameterization, with assumption
of instantaneous thermodynamic equilibrium SOA module described in Section A.4 of
the supplementary information. Gas-phase oxidation pathways are depicted on the left
in each figure. Gas and particle-phase product names for each parameterization type
are indicated on the figure. Double-headed arrows spanning the gas/particle interface
represent the instantaneous thermodynamic equilibrium partitioning of semi-volatile
SOA species. Species in the dark shaded boxes are treated as non-volatile. AOLGA =
Non-volatile oligomerization product from high-NOx pathway semi-volatile products,
POA = pre-existing organic aerosol.
Figure 2.2(a) and (b) show a conceptual diagram of the SOA module for the
Odum-type two-product and VBS SOA yield parameterizations listed in 2.3. The
module includes a dynamic approach for gas-particle partitioning in particle organic-
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phase, gas-phase reactions of semi-volatile products and bulk-limited aqueous-phase
SOA formation from uptake of glyoxal and methylglyoxal (Ervens and Volkamer,
2010). The inclusion of particle aqueous-phase SOA does not double-count the SOA
formation since the parameterizations for semi-volatile products were derived from
chamber experiments under dry conditions (Hildebrandt et al., 2009; Ng et al., 2007).
Toluene SVTOL1gas  SVTOL2gas 
·OH / NO 
·OH/ ·HO
2   
ATOL1 
ATOL2 
ATOL3 
POA 
(H2O) particle 
·OH  
Glyoxal 
MethylGlyoxal  TOLPOLY 
·OH /hν loss 
(a) 
SVTOL1eq  
SVTOL2eq 
SVTOL3gas  
AOLGA 
Gas-phase 
reaction loss  
Gas-phase 
reaction loss  
Organic Aerosol 
Toluene 
SVTOL1gas  
SVTOL2gas 
SVTOL3gas 
SVTOL4gas 
·OH /  
NO ·O
H
/ ·H
O
2   
ATOL1 
ATOL2 
ATOL3 
ATOL4 
POA 
(H2O) particle 
·OH  
Glyoxal 
MethylGlyoxal  TOLPOLY 
·OH /hν loss 
(b) 
SVTOL1eq  
SVTOL2eq 
SVTOL3eq  
SVTOL4eq 
SVTOL5gas 
SVTOL6gas 
SVTOL7gas 
SVTOL8gas  
AOLGA 
Gas-phase 
reaction loss  
Gas-phase 
reaction loss  
Organic Aerosol 
ATOL5 
ATOL6 
ATOL7 
ATOL8 
SVTOL5eq  
SVTOL6eq 
SVTOL7eq  
SVTOL8eq 
Figure 2.2: (a) Conceptual diagram of components of the Odum-type SOA yield
parameterization and (b) components of VBS SOA parameterization, for a modified
SOA module with dynamic partitioning approach described in Section 2.2.2. Gas-phase
oxidation pathways are depicted on the left in each figure. Gas and particle-phase
product names for each parameterization type are indicated on the figure. Gas-phase
product names with subscript gas represent bulk gas-phase concentrations. Dotted lines
represent the dynamic transport from bulk gas-phase to particle surface. Gas-phase
product names with subscript eq represent equilibrium gas-phase concentrations near
particle surface. Double-headed arrows spanning the gas/particle interface represent
the equilibrium partitioning of semi-volatile SOA species. Products in the dark shaded
boxes are treated as non-volatile. AOLGA = Non-volatile oligomerization product
from high-NOx pathway semi-volatile products, POA = pre-existing organic aerosol,
(H2O)particle = particle aqueous-phase, TOLPOLY = aqueous-phase SOA.
Dynamic gas-particle partitioning approach for particle organic-phase
A dynamic partitioning approach has been previously used to predict SOA in
outdoor smog chamber experiments (Bowman et al., 1997) and in air quality models
(Koo et al., 2003). Also, a recent study (Kroll et al., 2007) solves a simple hypothetical
system using this approach, to specifically study the role of initial seed concentrations
and gas-phase reactions of semi-volatile products on SOA formation. Mathematical
12
Table 2.3: Secondary Organic Aerosol (SOA) Mass Yield Parameters for Toluene
SOA Precursor.
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ethylene 0.13051 
propylene 0.05154 
1-butene 0.02805 
cis-2-butene 0.03074 
2-methyl-1-butene 0.03923 
2-methyl-2-butene 0.02753 
Total 1.0000 
a Total hydrocarbon concentration is 10,000 ppmC 1 
Table 3. Secondary Organic Aerosol (SOA) Mass Yield Parameters for Toluene SOA Precursor 2 
Ng et al. (2007) 
c*sat (ref), Saturation Concentration (µg/m3) 2.326 21.277   
!high, High-NOx, 20 oC 0.058 0.113   
!Hvap, Enthalpy of vaporization a (kJ/mol) 18 18   
MW, Molecular Weight (g) 168 168   
c*sat (ref), Saturation Concentration (µg/m3) 0.0    
!low, Low-NOx, 20 oC 0.36    
!Hvap, Enthalpy of vaporization (kJ/mol) NAb    
MW, Molecular Weight (g) 168    
Hildebrandt et al. (2009) 
c*sat (ref), Saturation Concentration (µg/m3) 1 10 100 1000 
!high, High-NOx, 20 oC 0.01 0.24 0.45 0.7 
! low, Low-NOx, 20 oC 0.01 0.24 0.7 0.7 
!Hvap, Enthalpy of vaporizationc (kJ/mol) 30 30 30 30 
MW, Molecular Weight (g) 175 150 125 100 
a Values suggested by (Carlton et al., 2010). b Not Applicable. c Values suggested by (Farina et al., 3 
2010)  4 
Table 4. Dynamic Partitioning Approach Parameters for Toluene SOA Precursor 5 
Ng et al. (2007) 
c*sat (ref), Saturation Concentration (µg/m3) 2.326 21.277   
vi, Molar volume (m3/mol), High-NOx 1.65 x 10-4 1.36 x 10-4   
Di, Diffusivity (m2/s), High-NOx, 20 oC 6.21 x 10-6 6.75 x 10-6   
"i, Surface Tensiona (N/m) 0.03 0.03   
c*sat (ref), Saturation Concentration (µg/m3) 0.0    
vi, Molar volume (m3/mol), Low-NOx 1.93 x 10-4    
Di, Diffusivity (m2/s), Low-NOx, 20 oC 5.79 x 10-6    
aValues suggested by Carlton et al. (2010). bNot Applicable. cValues suggested by
Farina et al. (2010).
details of this fully dynamic approach are provided in supplementary information
(Section A.5).
In general, determining the aerosol concentration for (m+n) semi-volatile products
in every particle size-section k, using the fully dynamic approach (Equations A.9
and A.10 in supplementary information) requires solution of an ordinary differential
equation system comprising of (m + n)k + 1 number of equations. This can be
computationally expensive to solve particularly in an AQM. In the event of particle
size and number distribution data being available (as in this study) or computed using
an assumed particle size distribution (e.g., lognormal distribution) at every timestep,
numerous assumptions can be made to simplify the fully dynamic approach: 1. Mole
fraction of a product i in aerosol phase is independent of particle size, i.e. xi = xi,k 2.
The aerosol chemical composition changes slowly during a timestep. For the purposes
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of mole fraction calculation of i,
cta,i/Mi
Co/Mo +
m+n∑
j=1
cta,j/Mj
=
ct−∆ta,i /Mi
Co/Mo +
m+n∑
j=1
ct−∆ta,j /Mj
(2.1)
where t is the current solution time and t−∆t is the previous timestep. The above
assumptions lead to:
dcg,i
dt
= Pi −Di

∑
k
2piNkdp,k
2λ/adp,k + 1
cg,i −
ct−∆ta,i /Mi
Co/Mo +
m+n∑
j=1
ct−∆ta,j /Mj
c∗sat,i
∑
k
2piNkdp,k
2λ/adp,k + 1
exp
(
4σiυi
RTdp,k
)
 (2.2)
where, Nk (m
-3) and dp,k (m) are the number concentration and mean diameter of
particles in size-bin section k, Di (m
2/s) is the gas-phase diffusivity of i, (m) is the
mean free path of air, a is the gas-particle accommodation coefficient, ca,i,k (mug/m3)
is the aerosol-phase concentration of i in particle size-section k, cg,i (µg/m
3) is the
bulk gas-phase concentration of i, xi,k is the mole fraction of i in the aerosol phase for
size section k, σi (N/m) is the surface tension of i, υi (m
3/mol) is the molar volume of
i and Pi (mug m
-3 s-1) is the rate of production of i from chemical reactions. Pi can be
obtained using semi-volatile product formation equations for high-NOx and low-NOx
pathways (Equations A.4 and A.5 in the supplementary information) and Equation 2.2
can be solved to compute bulk gas-phase concentrations of each semi-volatile product
i using either explicit or multistep numerical methods. From the bulk gas-phase
concentration of i, the aerosol-phase concentration at solution time t is,
cta,i = c
t
tot,i − ctg,i (2.3)
The dynamic partitioning approach requires assumptions of numerous parameters.
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A summary of parameters used in this study are listed in Table 2.4. Also, for the
assumption of slow aerosol composition change to be true and numerical stability issues
in the dynamic partitioning approach, solution timestep must be limited. Further
discussion on solver timestep limitation of the dynamic partitioning approach is
described in the results section. Details on estimation of different parameters and
numerical solution techniques are described in the supplementary information (Section
A.6).
Table 2.4: Dynamic Partitioning Approach Parameters for Toluene SOA Precursor.
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Table 4. Dynamic Partitioning Approach Parameters for Toluene SOA Precursor 1 
Ng et al. (2007) 
c*sat (ref), Saturation Concentration (µg/m3) 2.326 21.277   
vi, Molar volume (m3/mol), High-NOx 1.65 x 10-4 1.36 x 10-4   
Di, Diffusivity (m2/s), High-NOx, 20 oC 6.21 x 10-6 6.75 x 10-6   
!i, Surface Tensiona (N/m) 0.03 0.03   
c*sat (ref), Saturation Concentration (µg/m3) 0.0    
vi, Molar volume (m3/mol), Low-NOx 1.93 x 10-4    
Di, Diffusivity (m2/s), Low-NOx, 20 oC 5.79 x 10-6    
!i, Surface Tension (N/m) 0.03    
Hildebrandt et al. (2009) 
c*sat (ref), Saturation Concentration (µg/m3) 1 10 100 1000 
vi, Molar volume (m3/mol), High-NOx 1.65 x 10-4 1.55 x 10-4 1.46 x 10-4 1.36 x 10-4 
vi, Molar volume (m3/mol), Low-NOx 1.93 x 10-4 1.74 x 10-4 1.55 x 10-4 1.36 x 10-4 
Di, Diffusivity (m2/s), 20 oC, High-NOx 6.20 x 10-6 6.54 x 10-6 6.62 x 10-6 7.08 x 10-6 
Di, Diffusivity (m2/s), 20 oC, Low-NOx 5.77 x 10-6 6.21 x 10-6 6.44 x 10-6 7.08 x 10-6 
!i, Surface Tension (N/m) 0.03 0.03 0.03 0.03 
a Assumed surface tension values for organic aerosol 2 
Table 5. Accommodation coefficientsa for high-NOx and low-NOx semi-volatile products 3 
 HC mixtureb No HC mixturec 
High-NOx  0.005 0.1 
Low-NOx  0.00025 0.1 
a Adjusted to fit experimental values. b Experiments with HC mixture injection (Experiments 1 to 8). 4 
c Experiments with no HC mixture injection (Experiments 9 and 10). 5 
Figure 1. (a) Conceptual diagram of components of the Odum-type SOA yield parameterization and 6 
(b) components of VBS SOA parameterization, with assumption of instantaneous thermodynamic 7 
equilibrium SOA module described in Section S4 of the supplementary information. Gas-phase 8 
oxidation pathways are depicted on the left in each figure. Gas and particle-phase product names for 9 
each parameterization type are indicated on the figure. Double-headed arrows spanning the 10 
gas/particle interface represent the instantaneous thermodynamic equilibrium partitioning of semi-11 
volatile SOA species. Species in the dark shaded boxes are treated as non-volatile. AOLGA = Non-12 
aAssumed surface tension values for organic aerosol.
The accommodation coefficient (a) is the principal transport parameter and is
adjusted to fit model predictions to experimental aerosol data. Table 2.5 shows the
accommodation coefficients for high-NOx and low-NOx semivolatile products in the
presence and absence of HC mixture in the chamber. A further discussion on the role
of accommodation coefficients is provided in the results section.
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Table 2.5: Accommodation coefficientsa for high-NOx and low-NOx semi-volatile
products.
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Table 4. Dynamic Partitioning Approach Parameters for Toluene SOA Precursor 1 
Ng et al. (2007) 
c*sat (ref), Saturation Concentration (µg/m3) 2.326 21.277   
vi, Molar volume (m3/mol), High-NOx 1.65 x 10-4 1.36 x 10-4   
Di, Diffusivity (m2/s), High-NOx, 20 oC 6.21 x 10-6 6.75 x 10-6   
!i, Surface Tensiona (N/m) 0.03 0.03   
c*sat (ref), Saturation Concentration (µg/m3) 0.0    
vi, Molar volume (m3/mol), Low-NOx 1.93 x 10-4    
Di, Diffusivity (m2/s), Low-NOx, 20 oC 5.79 x 10-6    
!i, Surface Tension (N/m) 0.03    
Hildebrandt et al. (2009) 
c*sat (ref), Saturation Concentration (µg/m3) 1 10 100 1000 
vi, Molar volume (m3/mol), High-NOx 1.65 x 10-4 1.55 x 10-4 1.46 x 10-4 1.36 x 10-4 
vi, Molar volume (m3/mol), Low-NOx 1.93 x 10-4 1.74 x 10-4 1.55 x 10-4 1.36 x 10-4 
Di, Diffusivity (m2/s), 20 oC, High-NOx 6.20 x 10-6 6.54 x 10-6 6.62 x 10-6 7.08 x 10-6 
Di, Diffusivity (m2/s), 20 oC, Low-NOx 5.77 x 10-6 6.21 x 10-6 6.44 x 10-6 7.08 x 10-6 
!i, Surface Tension (N/m) 0.03 0.03 0.03 0.03 
a Assumed surface tension values for organic aerosol 2 
Table 5. Accommodation coefficientsa for high-NOx and low-NOx semi-volatile products 3 
 HC mixtureb No HC mixturec 
High-NOx  0.005 0.1 
Low-NOx  0.00025 0.1 
a Adjusted to fit experimental values. b Experiments with HC mixture injection (Experiments 1 to 8). 4 
c Experiments with no HC mixture injection (Experiments 9 and 10). 5 
Figure 1. (a) Conceptual diagram of components of the Odum-type SOA yield parameterization and 6 
(b) components of VBS SOA parameterization, with assumption of instantaneous thermodynamic 7 
equilibrium SOA module described in Section S4 of the supplementary information. Gas-phase 8 
oxidation pathways are depicted on the left in each figure. Gas and particle-phase product names for 9 
each parameterization type are indicated on the figure. Double-headed arrows spanning the 10 
gas/particle interface represent the instantaneous thermodynamic equilibrium partitioning of semi-11 
volatile SOA species. Species in the dark shaded boxes are treated as non-volatile. AOLGA = Non-12 
aAdjusted to fit experimental values. bExperiments with HC mixture injection
(Experiments 1 to 8). c Experiments with no HC mixture injection (Experiments 9
and 10).
Gas-phase reactions of semi-volatile products
In the presence of low or no initial seed concentration, semivolatile products likely
undergo chemical reactions and/or loss to chamber walls in addition to dynamic gas-
particle partitioning (Kroll et al., 2007). In the case of low seed concentrations, the
characteristic time-scales for mass-transfer limited gas-particle partitioning are higher
(Bowman et al., 1997), leading to competing processes such as gas-phase reactions and
wall-losses to become important. The gas-phase chemistry in the presence of a HC
mixture further enhances the relative reactive loss of semi-volatile products compared
to experiments without HC mixture injection. It is difficult to quantitatively assess
the loss rate of empirical semi-volatile products due to gas-phase reactions. For this
study, a first order semi-volatile product loss rate of 7.5 x 10-5 s-1 is used only for
experiments in which HC mixture is injected along with toluene (Experiments 1 to
8). This loss rate is comparable to rates of hydrocarbon oxidation (Kroll et al., 2007)
and replicates the effects of gas-phase losses in the chamber for the duration of the
experiment.
Particle aqueous phase SOA formation from uptake of glyoxal and methylglyoxal
Polar species glyoxal and methylglyoxal are formed in considerable amounts from
oxidation of aromatics such as toluene and m-xylene (Atkinson and Arey, 2003),
though there is uncertainty related to oxidation processes in producing glyoxal and
16
methylglyoxal (Baltaretu et al., 2009; Bloss et al., 2005). For the purposes of a
suitable SOA module for AQMs, the net reaction of OH radical attack on aromatics
can include glyoxal and methyglyoxal. Once formed, glyoxal and methylglyoxal can
undergo rapid photolysis (Volkamer et al., 2005) and OH-reactions (Feierabend et al.,
1987), in addition to uptake to particle aqueous-phase. The implementation details of
the formation, photolysis and OH-reaction processes of glyoxal and methylglyoxal are
described in the supplementary information (Section A.7).
The inclusion of particle aqueous-phase uptake of glyoxal and methylglyoxal
requires quantitative estimation of the particle aqueous-phase (LWC) and the rate
of phase transfer for these gas-phase products to particle aqueous-phase. The theory
used to calculate LWC mass concentration for pure (NH4)2SO4 particles is described
in detail in the supplementary information (Section A.2). For background seeds, water
uptake capacity is assumed to be 35% of pure (NH4)2SO4 particles (Kamens et al.,
2011).
Glyoxal and methylglyoxal uptake to particle aqueous-phase are represented by
the reactions,
GLY + (H2O)particle
kuptake−−−−→ 0.33TOLPOLY + (H2O)particle (2.4)
MGLY + (H2O)particle
0.25×kuptake−−−−−−−→ 0.5TOLPOLY + (H2O)particle (2.5)
where, GLY and MGLY represent the gas-phase species glyoxal and methylglyoxal,
TOLPOLY represents the generalized species formed in the particle aqueous-phase
and (H2O)particle represents the particle aqueous-phase (µg/m
3). A similar modeling
approach to predict aqueous-phase SOA has previously been used by Dzepina et al.
(2009) to describe the SOA formation for a case study in Mexico City and Carlton et al.
(2008) to predict in-cloud SOA. The choice of stoichiometric coefficient for TOLPOLY
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is uncertain (Kroll et al., 2005; Liggio et al., 2005) and is dependent on dimerization
or trimerization of hydrated species in particle aqueous-phase. Reactions 2.4 and 2.5
assume oligomerization such that one mole of glyoxal forms 0.33 moles of TOLPOLY
(trimer formation) and one mole of methylglyoxal forms 0.5 moles of TOLPOLY (dimer
formation) in the particle aqueous-phase. A number of laboratory (Kroll et al., 2005;
Liggio et al., 2005), theoretical (Barsanti and Pankow, 2005; Ervens and Volkamer,
2010) and field (Volkamer et al., 2007) studies have been used to determine the
rate of glyoxal and methylglyoxal uptake into particle aqueous-phase. These studies
suggest that significant uncertainty exists over the role of acidity, small presence of
other volatile organics, chemical composition of bulk aerosol and time scales to reach
equilibrium states on the uptake of glyoxal and methylglyoxal in particle aqueous-
phase. This uncertainty leads to varying values of uptake coefficients depending on the
extent of accretion reactions of glyoxal and methylglyoxal, as estimated by different
studies in the literature. However, a recent comprehensive review of laboratory results
on glyoxal uptake (Ervens and Volkamer, 2010) derives a consistent set of reaction
rate constants for aqueous-phase processing of glyoxal. The authors also derive very
similar effective rate constant for glyoxal uptake from three independent studies when
they correct and normalize results for LWC of seed particles. Their results suggest
that the LWC of seed particles dominates the observed SOA formation rate due to
bulk-limited processes in particle aqueous-phase. Based on this finding, we formulate
a second-order rate constant kuptake in Reaction 2.4, assumed to be 1.4 x 10
-4 (m3
g-1 s-1). This rate constant includes possible catalytic effect of (NH4)2SO4 since it is
derived from laboratory experiments that use (NH4)2SO4 seed and hence its general
application to other inorganic seeds might not be appropriate (Ervens and Volkamer,
2010). For methylglyoxal uptake Reaction 2.5, the rate constant is assumed to be
25% of glyoxal uptake (Kamens et al., 2011).
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2.3 Results and Discussion
2.3.1 Comparison of Observed Yields to Previous Studies
Figure 2.3 shows observed yields (detailed calculation procedure in supplementary
information-Section A.8) from our experiments compared to the most recent high-NOx
and low-NOx yield curves obtained from parameterization of observed yields from Ng
et al. (2007), Hildebrandt et al. (2009) and Lane et al. (2008b) (historical parameters).
Lane et al. (2008b) use a single set of four-product VBS parameters for high-NOx
and low-NOx pathways that is based on previous literature. It is not feasible to
classify our chamber experiments as high-NOx or low-NOx, because the decreasing
NO concentration over the course of the experiments leads to a switch from high
to low-NOx conditions for peroxy radical chemistry (Johnson et al., 2004; Ng et al.,
2007) . The differences between yields from recent studies and our experiments are
due to substantially different experimental conditions in our chamber. Both Ng et al.
(2007) and Hildebrandt et al. (2009) use dry conditions for all their experiments.
In case of wet experiments (Experiments 1, 3, 4 and 5) or experiments using high
initial concentration of hygroscopic seed (Experiment 2), the possible formation of
aqueous-phase SOA confounds direct yield comparison. Other important differences
are the presence of low or no initial seed concentrations in our chamber and the slow
observed decay of toluene over the duration of the experiment in the presence of
HC mixture (Experiments 1 to 8). These differences can lead to lower yields due to
mass-transfer limited dynamic gas-particle partitioning and reactions of gas-phase
semi-volatile SOA products (Bowman et al., 1997; Kroll et al., 2007).
2.3.2 Effect of Gas-phase Chemistry
Modeled toluene decay using CB05 is under predicted in most of the experiments
(Figure 2.4. This under prediction is particularly severe later in the day during
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Figure 2.3: Comparison of parameterized aerosol yield curves for toluene from two
previous studies and historical parameters from Lane et al. (2008b) to observed yields
for all experiments in this study. CSOA values (x-axis) represent the SOA available
to partition for the duration of the experiment. Note the yield values (y-axis) are
represented on a logarithmic scale.
low-NOx conditions. The discrepancy likely arises not only from the limited aromatic
chemistry in CB05 (Whitten et al., 2010), but also due to incomplete knowledge of
toluene oxidation mechanisms. In general, this is observed with other major chemical
mechanisms as well (e.g. MCM (Bloss et al., 2005) and SAPRC (Carter, 2000, 2007).
We note that discrepancies in SOA predictions in our modules can arise, in part, from
the inadequacy of the preceding gas phase chemical mechanism to accurately predict
SOA precursors.
OH radical concentrations in the gas-phase play a significant role in the rate of
toluene decay and consequently SOA yields. Experiments 6, 8 and 9 have relatively
similar initial toluene and NOx injections and initial seed concentrations. However,
the availability of OH radicals in the presence of HC mixture (Experiments 6 and
8) is much lower compared to the toluene-only/NOx experiment (Experiment 9)
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Figure 2.4: Observed and CB05 modeled toluene decay for Experiments 1 to 10.
Modeled decay is generally under predicted particularly for low-NOx conditions later
in the day.
(Figure 2.5). Lower OH availability leads to slower toluene decay for the duration
of Experiments 6 and 8, preventing large build-up of semi-volatile products in the
gas-phase, and delaying particle nucleation. Further, low OH concentration also
leads to delay in semi-volatile product formation from oxidation of multi-generational
toluene oxidation products (Ng et al., 2007). The particle number concentrations
remain low for the duration of Experiments 6 and 8 (Figure 2.6a and b), when the
HC mixture is present as compared to the experiment with toluene only (Figure 2.6c).
The low availability of particle surface in experiments with HC mixture leads to
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higher characteristic time-scales for gas-particle partitioning resulting in a deviation
from instantaneous thermodynamic equilibrium to a mass-transfer limited partitioning
process. It is certainly possible that such conditions exist in urban environments and
is suggestive that the assumption of instantaneous thermodynamic equilibrium might
not be valid. It also demonstrates that overall gas-phase composition can affect SOA
formation chemistry, making it essential to evaluate SOA modules in a comprehensive
gas and particle-phase chemistry framework.
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Figure 2.5: CB05 modeled OH concentrations for Experiments 6, 8 and 9. Experiments
with HC mixture (Experiments 6 and 8) have lower OH radical availability compared
to experiment with no HC mixture (Experiment 9).
2.3.3 Evaluation of SOA Module with Equilibrium Gas-Particle Partitioning
Figure 2.7 shows the temporal profiles of observed and modeled aerosol mass
concentrations for Experiments 1 to 10. The modeled aerosol concentrations are
computed using the equilibrium SOA module (as described in Section A.4 of the
supplementary material) for both Odum-type and VBS product parameterizations
(Figure 2.1). Both the observed and modeled aerosol mass include LWC of the initial
seed. The initial aerosol mass fraction in wet experiments (Experiment 1, 3, 4 and
5) is largely comprised of LWC (see temporal profiles of (H2O)p in supplementary
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Figure 2.6: Observed particle number and size distribution at different times (EST)
for the duration of each experiment, for Experiments 6, 8 and 9. Experiments with
HC mixture (Experiments 6 and 8) do not show acceleration in particle formation
compared to experiment with no HC mixture (Experiment 9).
information Figures A.5 and A.6), a result of injected particles immediately coming
into equilibrium with the gas-phase water as a function of RH. The root mean square
error (RMSE) between the observed and modeled aerosol concentrations for the Odum
parameterization is lower than that for the VBS parameterization for all experiments
(Figure 2.7).
In general, the equilibrium assumption in the SOA module leads to over prediction
of final aerosol mass for both product parameterizations for Experiments 1 to 8. It
should be noted that the Odum and VBS parameterizations (from Ng et al. (2007)
and Hildebrandt et al. (2009)) are obtained from experiments with high and nearly
constant oxidant concentrations (for both low-NOx and high-NOx pathways) and thus
are expected to represent the SOA yields that include formation from the products of
mutigenerational toluene oxidation chemistry. The over-prediction of aerosol mass
using current SOA frameworks implemented with equilibrium assumptions (in experi-
ments 1 to 8) arises, in part, from the failure to account for delayed mutigenerational
product oxidation chemistry, due to lower OH radical concentrations in the chamber.
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Figure 2.7: Observed and modeled aerosol mass concentrations for the equilibrium
gas-particle partitioning SOA module described in Section A.4 of the supplementary
information. RMSEOdum and RMSEVBS for each experiment represent the root mean
square error between observed and modeled aerosol concentrations for the Odum-type
and VBS parameterization respectively.
This leads to a slower build-up of semi-volatile products that condense to form SOA
during the experiment. Slow aerosol growth for these experiments results in a deviation
from the assumption of equilibrium gas-particle partitioning. For that reason, the
SOA module with assumption of instantaneous thermodynamic equilibrium, fails to
accurately predict aerosol concentration.
Experiments 9 and 10 represent traditional toluene-only/NOx photo-oxidation
experiments, similar to experiments previously used in the literature to derive SOA
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yield parameters from toluene oxidation. The experiments show large nucleation
events after gas-phase threshold concentration of semi-volatile products is reached,
leading to increased aerosol surface and a fast approach to gas-particle equilibrium.
The Odum-type product parameterization based on Ng et al. (2007) slightly under
predicts aerosol mass for Experiments 9 and 10. The SOA module based on work by
Hildebrandt et al. (2009) using four-product VBS for both high-NOx and low-NOx
conditions, over predicts aerosol mass for both experiments. This suggests that SOA
mass yields for equilibrium conditions in our chamber fall between mass yields derived
by Ng et al. (2007) and Hildebrandt et al. (2009).
Pathway-specific SOA mass predictions demonstrate that the VBS product pa-
rameterization leads to higher formation of high-NOx products when compared to the
Odum approach for the final experimental yield values (Figure 2.8), due to higher
yields suggested by Hildebrandt et al. The low- NOx SOA predictions are consistently
higher with the Odum-type product parameterization due to the constant 30% SOA
yield of a non-volatile product (Ng et al., 2007). Speciated temporal profiles of individ-
ual SOA products for both product parameterizations are shown in the supplementary
information (Figures A.3 and A.4).
2.3.4 Evaluation of Modified SOA Module
SOA predictions with the dynamic partitioning approach that includes aqueous-
phase processes and gas-phase reactions of semi-volatile products improves agreement
in the temporal profiles of observed and modeled aerosol mass concentrations for
all experiments (Figure 2.9), for both Odum and VBS product parameterizations
(Figure 2.2). Improvement is noted in lower RMSE values between the observed and
modeled aerosol concentrations for all experiments, with the exception of Experiments 9
and 10. The Odum-type approach shows lower RMSE than the VBS parameterization,
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Figure 2.8: Final observed and predicted SOA for Experiments 1 to 9. Predicted
SOA shows empirical product distributions from both Odum-type and VBS product
parameterizations for the equilibrium gas-particle partitioning SOA module described
in Section A.4 of the supplementary information.
though both approaches perform acceptably well.
As in the previous section, both the observed and modeled aerosol mass includes
LWC of the initial seed and the initial aerosol mass fraction in wet experiments
(Experiment 1, 3, 4 and 5) is largely comprised of LWC (see temporal profiles of (H2O)p
in supplementary information Figures A.5 and A.6). For Experiments 9 and 10, the
results from the modified SOA module are similar to the SOA module with equilibrium
partitioning assumption, since the conditions in these experiments favor instantaneous
thermodynamic equilibrium after the threshold gas-phase concentration of semi-volatile
products (as described by Equation A.11 in supplementary information) is reached.
This illustrates that the dynamic partitioning approach is a more generalized method
capable of describing results under equilibrium partitioning conditions. Detailed
temporal profiles of individual SOA products for both product parameterizations are
shown in the supplementary information (Figures A.5 and A.6).
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Figure 2.9: Observed and modeled aerosol mass concentrations for the modified SOA
module with dynamic partitioning approach described in Section 2.2. RMSEOdum
and RMSEVBS for each experiment represent the root mean square error between
observed and modeled aerosol concentrations for the Odum-type and VBS product
parameterization respectively.
Effect of Accommodation Coefficient
The accommodation coefficient (a) is the key transport parameter for the dynamic
partitioning approach represented by Equation 2.2 and is adjusted to fit the modeled
aerosol mass to observations. For Experiments 1 to 8, the accommodation coefficient
is adjusted to a value of 0.005 for high-NOx products and 0.00025 for low-NOx
products (Table 2.5). The accommodation coefficient is an engineered parameter,
to represent kinetic limitations, arising from mass-transfer during phase transition
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(Bowman et al., 1997) and delay in formation of semi-volatile species from multi-
generational toluene oxidation products due to low OH availability in the presence
of non-SOA-forming hydrocarbon mixture. This strongly suggests the assumption of
instantaneous thermodynamic equilibrium and prompt semi-volatile species production
is not valid in experiments 1 to 8, nor would it be valid when similar conditions exist in
the environment. For Experiments 9 and 10, the accommodation coefficient is adjusted
to a value of 0.1 for high-NOx products and low-NOx products (Table 2.5). For
values of 0.1 or greater, equilibrium is achieved essentially instantaneously (Bowman
et al., 1997). Hence, for Experiments 9 and 10, the dynamic partitioning approach
gives quantitatively similar solution when compared to the equilibrium-partitioning
approach.
Effect of Aqueous-phase SOA
Interestingly, for Experiment 1, where hygroscopic (NH4)2SO4 seed is initially
injected, the solution of equilibrium partitioning SOA module without aqueous-phase
processes (Figure 2.1a and 2.1b) shows the only under prediction of aerosol mass for
both the Odum and VBS parameterizations between hours of 9 to 12 when chamber
RH is highest (Figure 7 Exp 1). Also, for wet experiments with background seed
(Experiments 3, 4, 5), aerosol mass data shows early aerosol growth (when the chamber
RH is highest between hours 9 to 11) as compared to dry experiments with background
seed (Experiments 6, 7 and 8) (Figure 9, Figure S9-4a and S9-4b). These aerosol mass
data trends strongly suggest the formation of aqueous-phase SOA due to uptake of
polar toluene oxidation products to particle aqueous-phase.
Figure 2.10 shows final observed SOA mass and modeled SOA mass speciated
for different products using the modified SOA module (Figure 2.2a and 2.2b). For
experiments with hygroscopic seed injection (1 and 2) and wet experiments with
background seed (3, 4 and 5), a large fraction of total modeled SOA mass is comprised of
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aqueous-phase SOA. The dynamic partitioning approach is also successful in predicting
SOA mass for dry experiments (Experiments 6 to 9) that is largely comprised of
high-NOx products. From these results, it is clear aqueous-phase SOA is particularly
important at lower aerosol concentrations under conditions of high humidity. During
these conditions, the uptake of polar species (glyoxal and methylglyoxal) into the
particle aqueous-phase dominates total SOA mass, as compared to the SOA formation
from dynamic gas-particle partitioning into the particle organic-phase. Interestingly,
the modeled SOA product distributions, particularly the fraction of aqueous-phase
SOA, is similar to that from a recently accepted companion paper that uses a condensed
aromatic kinetic chemical mechanism for gas and particle-phase, to predict SOA from
toluene oxidation for the same set of chamber experiments (Kamens et al., 2011).
It is possible that rapid formation of high-NOx and low-NOx pathway products in
the particle organic-phase mask the importance of aqueous-phase SOA in traditional
toluene-only/NOx chamber experiments that are performed under thermodynamic
equilibrium conditions. In a possible scenario of atmospheric conditions where gas-
particle partitioning in particle organic-phase is not in equilibrium (mass-transfer
limited), and prompt semi-volatile species production is not valid, aqueous-phase SOA
can exist as the dominant fraction of total SOA mass and could explain the higher
oxygen-to-carbon (O/C) ratio observed in ambient aerosol measurements (Dzepina
et al., 2009).
Limitations of Dynamic Partitioning Approach
The dynamic partitioning approach developed in this study (Equation 2.2) uses
particle number and size distribution data at each time-step to solve for bulk gas-phase
and aerosol product concentrations. The assumptions in formulating this approach,
indicated in section 2.2, might hold true only if the solution timestep is less than a few
minutes. For this reason, the gas and aerosol-phase solution time-steps are limited
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Figure 2.10: Final observed and predicted SOA for Experiments 1 to 9. Predicted SOA
shows empirical semi-volatile product distributions from both Odum-type and VBS
product parameterizations for the modified SOA module with dynamic partitioning
approach described in Section 2.2.
by a maximum allowable value of 3 minutes. Further, for experiments where the
dynamic partitioning approach is used to simulate aerosol mass at near equilibrium
conditions (Experiments 9 and 10), the solution is only stable for extremely small
solution timesteps ( 5 seconds) due to low characteristic gas-particle transport time
scales at near equilibrium conditions. This is not feasible to use in air quality models
for reasons of computational efficiency. Hence the use of the dynamic partitioning
approach is only practical when gas-particle partitioning is a mass-transfer limited
process. In the event of equilibrium conditions, it is preferable to switch to a solution
using equilibrium assumption (Section A.4 in supplementary information) for the sake
of computational efficiency. Further, the dynamic approach could affect the lumping
scheme in AQMs leading to an increase in the number of tracers required to track
SOA growth, which in turn can increase computation time.
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2.3.5 Discussion and Implications
Typically SOA experiments conducted in one chamber under a limited set of
conditions are used to obtain Odum-type or VBS parameters that are implemented
and extrapolated in AQMs to predict SOA formation under a variety of atmospheric
conditions (e.g., seed type, humidity, seed concentration), not necessarily represented
during the experiments. Although comparison with smog chamber data, at varying
conditions affecting gas-phase chemistry, is common practice for evaluating condensed
gas-phase mechanisms, e.g. SAPRC07 and CB05 (Carter, 2007; Yarwood et al., 2005),
it has not been a regular feature to evaluate engineered SOA mechanisms at varying
conditions that affect SOA formation. The results of this SOA module evaluation
suggest that SOA mechanisms that make an assumption of instantaneous thermody-
namic equilibrium for gas-particle partitioning perform poorly in predicting aerosol
concentrations for experimental conditions in our chamber. This study demonstrates
the importance of a more holistic evaluation for SOA formation mechanisms partic-
ularly considering different SOA formation pathways predominate under different
environmental conditions. For example, the experimental conditions for a majority
of experiments in our chamber required a dynamic gas-particle partitioning in the
SOA module that accounts for both mass-transfer and kinetic limitations in gas and
particle-phase reactions, and the formation of aqueous-phase SOA. The aqueous phase
formation of SOA dominated the total SOA fraction under certain seed-type and/or
humidity conditions.
Implementation of the dynamic approach in AQMs will decrease the overall
computational efficiency of the SOA prediction algorithm. Hence, this approach
should only be used under mass-transfer limited partitioning conditions and the
prediction algorithms should switch to equilibrium assumption framework when higher
particle surface area is available for gas-particle partitioning. This study focused only
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on toluene, and further experiments are needed for different SOA precursors to evaluate
and improve their SOA mechanisms. The proposed dynamic partitioning approach
possibly encompasses both mass-transfer limitation and kinetic limitations (through
the accommodation coefficient parameter). Isolating and quantifying either limitation
can be difficult, and would at least require further experiments. Also, addition of SOA
precursor chemistry to condensed gas-phase mechanisms should preferably evaluate
both gas-phase and SOA formation holistically at different experimental conditions
and even possibly in the presence of other hydrocarbons that are almost always present
in urban and rural atmospheres. Only such a comprehensive evaluation can lead to
meaningful SOA mechanisms being applied to AQMs.
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CHAPTER 3
MODELING SECONDARY ORGANIC AEROSOL FROM XYLENE
AND AROMATIC MIXTURES USING A DYNAMIC
PARTITIONING APPROACH INCORPORATING PARTICLE
AQUEOUS-PHASE CHEMISTRY (II)
This section of my dissertation was submitted to Atmospheric Environment in
October of 2011 and is under review1. The article has been reformatted to meet the
dissertation standards of the UNC graduate school.
3.1 Introduction
Atmospheric aerosols play a crucial role in climate by influencing the radiative
balance in Earths atmosphere and also through modification of cloud optical properties
and lifetimes (2007). Further, high concentrations of particulate matter (PM) adversely
affect human health due to respiratory and cardiovascular complications (Lazaridis,
2011; Pope and Dockery, 2006). Secondary organic aerosol (SOA) forms a substantial
component of PM (Zhang et al., 2007). It is therefore important to accurately represent
the potential SOA precursors and formation processes in predictive regulatory air
quality models (AQMs).
SOA forms in the atmosphere from complex and multi-generational reactions of a
variety of volatile organic compounds (VOCs) and intermediate oxidation products
that form semi-volatile products capable of absorbing into a particle liquid-phase
(Carlton et al., 2010; Donahue et al., 2006; Pankow, 1987). Current AQMs used
1Submitted as: Parikh, H.M., Carlton, A.G., Zhou, Y., Zhang, H., Kamens, R.M., Vizuete, W.,
2011. Modeling secondary organic aerosol formation from xylene and aromatic mixtures using a
dynamic partitioning approach incorporating particle aqueous-phase chemistry (II). Atmospheric
Environment.
to formulate policy predict SOA using simpler empirical parameterization schemes
(Carlton et al., 2010; Tsimpidi et al., 2010). These parameterization schemes are based
on smog chamber experiments used to compute mass-based stoichiometric yields to
represent some degree of gas phase oxidation. Two such schemes include a 2-product
model (2P) with VOC specific saturation vapor pressures (Ng et al., 2007; Odum
et al., 1996), or a volatility basis-set (VBS) modeling approach in which semi-volatile
oxidation products are distributed in logarithmically spaced volatility bins (Donahue
et al., 2006; Hildebrandt et al., 2009). Both 2P and VBS use NOx-dependent values of
stoichiometric yield coefficients (Hildebrandt et al., 2009; Ng et al., 2007), representing
effects of gas-phase RO2 chemistry (i.e., predominance of RO2 + NO or RO2 + HO2,
respectively) on PM mass (Carlton et al., 2010; Lane et al., 2008a). Additionally,
the SOA framework in AQMs assume instantaneous thermodynamic equilibrium for
gas-particle partitioning and have been shown to be sensitive to assumed enthalpy of
vaporization (∆H) values for the semi-volatile products (Henze et al., 2008).
Recent laboratory and field studies have also highlighted the importance of aqueous-
phase SOA formation though uptake of glyoxal and methylglyoxal in the particle
aqueous-phase (Liggio et al., 2005; Sareen et al., 2010; Volkamer et al., 2007, 2009).
Research studies with inclusion of aqueous-phase SOA in AQMs has helped close the
gap between observed and predicted SOA (Li et al., 2011; Volkamer et al., 2007) and
improved the O/C ratio of predicted SOA when compared to observations (Dzepina
et al., 2009). For example, it was shown that aqueous-phase SOA from glyoxal and
methylglyoxal can contribute in the range of 4% to 15% of the total SOA mass
in Mexico City (Dzepina et al., 2009; Li et al., 2011). Globally, the magnitude of
aqueous-phase SOA from glyoxal and methylglyoxal was estimated to be comparable
to the global organic-phase SOA source from biogenics and aromatics (Fu et al.,
2008). Ervens and Volkamer (2010) provide a detailed discussion on the mechanism
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of glyoxal uptake process and subsequent SOA formation on various organic and
inorganic seeds. The study shows that uptake of glyoxal is through a bulk reaction
process for most seed types with possible catalytic effect due to (NH4)2SO4 and the
uptake is enhanced in photochemical experiments. However, their results also suggest
strong surface-uptake dependence for (NH4)2SO4/fulvic acid, indicating interplay
between bulk and surface-uptake processes in the presence of certain solutes in particle
aqueous-phase.
In our previous study (Parikh et al., 2011), we demonstrated improved performance
for SOA formation from aromatic oxidation of toluene under varying chamber condi-
tions using a generalized dynamic approach for gas-particle absorptive partitioning
of semi-volatile organic products. This SOA framework also included aqueous-phase
SOA production at varying relative humidity (RH) conditions using a simplified bulk-
process particle aqueous-phase uptake rate for glyoxal and methylglyoxal. The goal of
this study is to further extend the evaluation of the dynamic approach with aqueous-
phase uptake to new xylene (an important SOA precursor in urban environments)
and aromatic mixture (toluene and xylene) experiments. Additionally, this study
tests the sensitivity of the SOA predictions against observations for different choices
of gas-phase and SOA parameterization schemes. The experiments in this work are
modeled using either CB05 (Yarwood et al., 2005) or SAPRC07 (Carter, 2000), both
of which are condensed gas-phase mechanisms used widely in regional-scale regulatory
modeling. Two approaches to SOA parameterization are tested: 2P and VBS. Further,
results from two aqueous-phase uptake models; one using an assumed bulk process
rate and another using surface-limiting formulation from (Liggio et al., 2005) are
compared for all experiments. Lastly, one experiment is modeled to test sensitivity
of the model results to the assumed accommodation coefficient. In summary, we
comprehensively evaluate the SOA framework for aromatics and provide sensitivity
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analysis to a variety of choices and parameters in the framework.
3.2 Materials and Methods
3.2.1 Experimental section
Table 3.1 shows the list of experiments modeled in this study, experimental
conditions and initial injections. Experiments were performed in the University
of North Carolina (UNC) 274 m3 dual outdoor aerosol smog chamber located in
Pittsboro, NC (Kamens et al., 2011; Zhou et al., 2011). The two sides of the chamber
are designated as North and South and simultaneous experiments on both the sides
are performed for each day. Operational details of each experiment (Zhou et al., 2011)
and the measurement of O3, NOx and aromatics from the chambers are described in
detail elsewhere (Kamens et al., 2011). Aerosol size measurements were made with a
Scanning Mobility Particle Sizer (SMPS, TSI 3080 with CPC TSI 3022 A, Shoreview,
MN). The initial seed aerosol for each experiment consists of rural background particles
(called background particles) and depends on the level of drying and outdoor conditions
for that experiment. The background seed composition is measured to be 25% sulfates,
10% nitrates and the rest is primary and aged organic material (Kamens et al., 2011).
Also, a field study by Tolocka et al. (2001) measures the average sulfate and nitrate
concentrations in the Research Triangle Park, NC area to be approximately 35% of
the total PM2.5 mass concentration. Since the water uptake of NH4NO3 is very similar
to (NH4)2SO4, the water-uptake capacity of background seed aerosol is assumed to
be 35% pure (NH4)2SO4 seed. The absorption of water from aged organics has been
shown to be insignificant and is neglected (Engelhart et al., 2011). Particle liquid
water content (LWC) is then computed from RH in the chamber using the (NH4)2SO4
water-uptake vs. RH relationship given in the supplementary information (Section
A.2). This relationship is specifically based on the water uptake data of (NH4)2SO4
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Table 3.1: Summary of Initial Experimental Conditionsa.
 
18 
Table 1. Summary of Initial Experimental Conditionsa.  1 
Exp.
ID 
Date/Sidea 
 
Parent VOCb 
(ppmC) 
HCmixc 
(ppmC) 
[NO]0d 
(ppm) 
[NO2]0e 
(ppm) 
Tempf 
(K) 
RHg 
(%) 
[seed]0h 
(µg/m3) 
[LWC]0i 
(µg/m3) 
[LWC]0 < 1 µg/m3 
1 ST1707/N 0.651 Tol + 0.384 o-Xyl 3 0.173 0.008  285- 303 20-9 0.8 0.01 
2 AU1407/S 1.000 o-Xyl 3 0.185 0.028 298-313 20-12 0.3 0.01 
3 ST1707/S 0.623 Tol + 0.392 o-Xyl 3 0.170 0.009 285-303 43-18 0.9 0.1 
4 OC0208/N 1.000 o-Xyl 3 0.173 0.014 279-299 74-25 0.2 0.1 
5 OC0208/S 0.480 o-Xyl 1.5 0.092 0.014 280-299 61-24 0.2 0.1 
6 OC2608/N 1.000 p-Xyl 3 0.375 0.011 278-297 82-40 0.2 0.1 
7 OC3108/N 1.000 o-Xyl 3 0.183 0.025 270-296 82-40 0.2 0.1 
8 JL1207/S 0.984 o-Xyl 3 0.158 0.052 294-310 60-30 0.7 0.2 
[LWC]0 > 1 µg/m3 
9 NO1008/N 0.420 Tol + 0.248 p-Xyl 2 0.104 0.003 271-293 98-68 1.1 1.3 
10 NO1008/S 0.658 Tol + 0.348 p-Xyl 3 0.203 0.007 271-293 98-66 1.5 1.7 
11 OC0408/N 0.936 o-Xyl 3 0.179 0.023 279-304 95-38 3.0 3.5 
12 OC0408/S 0.848 o-Xyl 1.5 0.08 0.023 279-304 95-37 3.7 4.3 
13 JN1707/S 1.000 o-Xyl 3 0.179 0.028 293-311 89-45 5.8 6.3 
14 NO0208/N 0.658 Tol + 0.328 p-Xyl 3 0.199 0.001 275-301 95-58 7.1 8.4 
a MMDDYYN/Side format, where, MM is two letter month initials, DD is the experiment day, YY 2 
is the experiment year and Side is N or S representing chamber side in which experiment was 3 
performed - N: North side, S: South side.  4 
b Parent volatile organic compound represents the secondary organic aerosol precursor – Tol: 5 
Toluene, o-Xyl: o-Xylene, p-Xyl: p-Xylene.  6 
c HCmix is a non-SOA-forming hydrocarbon mixture comprising of short-chain alkanes and alkenes 7 
(composition described in Kamens et al. (Kamens et al., 2011)).  8 
d [NO]0 is the initial NO injection in the chamber.  9 
e [NO2]0 is the initial NO2 injection in the chamber.  10 
f Temp: Range of temperature over the duration of the experiment. 11 
g RH: Range of relative humidity over the duration of the experiment.  12 
h [seed]0: is the initial mass of background seed in the chamber. The composition of background seed 13 
is measured to be ∼25% sulfates, 10% nitrates and rest is primary and aged organic material.  14 
i [LWC]0: Estimated initial particle liquid water content (LWC) at chamber RH. 15 
 16 
 17 
aMMDDYY /Side format, w ere, MM is two letter month initials, DD is the experi-
ment day, YY is the experime t year and Sid is N or S repr senting chamber side in
which experiment was performed - N: North side, S: South side.
bParent volatile organic compound represents the secondary organic aerosol precursor
Tol: Toluen , o-Xyl: o-Xylene, p-Xyl: p-Xylene.
cHCmix is a non-SOA-forming hydrocarbon mixture comprising of short-chain alkanes
and alkenes (composition described in Kamens et al. (2011).
d[NO]0 is the init l NO injecti n in the c amber.
e[NO2]0 is the initial NO2 injection in the chamber.
f Temp: Range of temperature over the duration of the experiment.
gRH: Range of relative humidity over the duration of the experiment.
h[seed]0: is the initial mass of background seed in the chamber. The composition of
background seed is measured to be 25% sulfates, 10% nitrates and rest is primary and
aged organic material.
i[LWC]0: Estimated initial particle liquid water content (LWC) at chamber RH.
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particles containing toluene SOA, for descending RH (Kleindienst et al., 1999). It
is reasonable to assume this relationship, since it has been shown in our chamber
that for background seed experiments, where particles contain a certain fraction of
aged organics and elemental carbon, temperatures over a range of 11C to 28C do
not influence water uptake, with RH being the only controlling factor (Vartiainen
et al., 1994). Kleindienst et al. (1999) additionally observed that toluene SOA did not
contribute to LWC and that all of the LWC could be ascribed to water uptake to
the (NH4)2SO4seed. This is supported by (?) who show that SOA from α-pinene+O3
exhibit only 5% LWC uptake at 100%RH. A particle density of 1.76 g/cm3 was
applied to the sulfate and nitrate fraction of background seed; the mass of secondary
and preexisting (primary and aged) organic fraction of background seed was calculated
assuming a density of 1.4 g/cm3 and 1.1 g/cm3 (Bahreini et al., 2005; Hu and Kamens,
2007).
3.2.2 SOA Framework Description
Modeling the organic-phase SOA for chamber experiments requires using a gas-
phase mechanism to predict the concentration of the precursor aromatic compounds.
Both 2P and VBS model parameterizations use the change in aromatic species con-
centration at each solution time-step to compute the amount of semi-volatile product
formation. Temporal predictions of polar products are also computed from the gas-
phase mechanism. For this study, the gas-phase chemistry in the chamber is simulated
using two most commonly used mechanisms, either SAPRC07 (Carter, 2010) or CB05
(Yarwood et al., 2005). Gas-phase results from both mechanisms are presented in
section 3.3.
Semi-volatile Product Formation and Gas-Particle Partitioning
Two mechanisms to predict SOA are considered for semi-volatile product formation:
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2P (Odum et al., 1996) and a VBS approach (Donahue et al., 2006).
2-Product (2P) model
Formation of 2 semi-volatile products is a result of oxidation of an aromatic species
under both low and high-NOx conditions:
Aromatic + oxidant→ α1,low−NOxP1 + α2,low−NOxP2 (3.1)
Aromatic + oxidant→ α1,high−NOxP1 + α2,high−NOxP2 (3.2)
The oxidants include .OH, NO3 radical, and O3. P1 and P2 represent the semi-volatile
products formed as a result of aromatic oxidation. The mass-based stoichiometric
coefficients (αi) and saturation vapor pressures for semi-volatile products from both
toluene and xylene oxidation are obtained from smog-chamber experiments performed
by Ng et al. (2007) and are listed in Table 3.2.
Volatility basis-set (VBS) model
The volatility basis-set approach assumes formation of four semi-volatile products
from aromatic oxidation, whose effective saturation concentrations at 298 K are 1, 10,
100 and 1000 µg/m3.
Aromatic + oxidant→ α1,low−NOxP1 + α2,low−NOxP2 + α3,low−NOxP3 + α4,low−NOxP4
(3.3)
Aromatic+oxidant→ α1,high−NOxP1 +α2,high−NOxP2 +α3,high−NOxP3 +α4,high−NOxP4
(3.4)
As in 2P model, the oxidants include .OH, NO3 radical, and O3. P1, P2, P3 and
P4 represent the semi-volatile products formed as a result of aromatic oxidation.
The mass-based stoichiometric coefficients (αi) and saturation vapor pressures for
semi-volatile products from both toluene and xylene oxidation are suggested values
by Tsimpidi et al. (2010) and are listed in Table 3.3
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Table 3.2: Secondary organic aerosol mass-based stoichiometric coefficients (αi) for
2-product SOA model.
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Table 2. Secondary organic aerosol mass-based stoichiometric coefficients (!i) for 2-product SOA 1 
model. 2 
Toluenea 
High-NOx 
Saturation Concentration (µg/m3) 2.326 21.277 
!i, high-NOx 0.058 0.113 
Low-NOxb 
Saturation Concentration (µg/m3) N/Ac N/A 
!i, low-NOx 0.36 N/A 
o/m-Xylenea 
High-NOx 
Saturation Concentration (µg/m3) 1.314 34.483 
!i, high-NOx 0.031 0.09 
Low-NOx 
Saturation Concentration (µg/m3) N/A N/A 
!i, low-NOx 0.30 N/A 
a Values from Ng et al. (Ng et al., 2007) 3 
b SOA yields from low-NOx conditions are found to be constant indicating almost non-volatile 4 
product formation (Ng et al., 2007). Therefore a single semi-volatile product defines SOA formation 5 
under low-NOx conditions.  6 
c N/A: Not Applicable. 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
aValues from Ng et al. (2007) bSOA yields from low-NOx conditions are found to be
constant indicating almost non-volatile product formation (Ng et al., 2007).
Therefore a single semi-volatile product defines SOA formation under low-NOx
conditions. cN/A: Not Applicable.
NOx-dependence of SOA yields
Since UNC chamber experiments in this study are classical photo-oxidation ex-
periments, where the NOx concentration in the chamber changes throughout the
experiment, the effective mass-based stoichiometric coefficients at any solution time-
step are computed using a NOx branching ratio (B) as described in Lane et al.
(2008a)
B =
(rateof[RO2] + [NO])
(rateof[RO2] + [NO]) + (rateof[RO2] + [RO2]) + (rateof[RO2] + [HO2])
(3.5)
αi = Bαi,highNOx + (1−B)αi,lowNOx (3.6)
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Table 3.3: Secondary organic aerosol mass-based stoichiometric coefficients (αi) for
Volatility basis-set SOA model.
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 3 
 4 
 5 
 6 
 7 
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Table 3. Secondary organic aerosol mass-based stoichiometric coefficients (!i) for Volatility basis-set 13 
SOA model. 14 
Toluenea 
High-NOx 
Saturation Concentration (µg/m3) 1 10 100 1000 
!i, high-NOx 0.003 0.165 0.3 0.435 
Low-NOx 
Saturation Concentration (µg/m3) 1 10 100 1000 
!i, low-NOx 0.075 0.225 0.375 0.525 
o/m-Xylenea 
High-NOx 
Saturation Concentration (µg/m3) 1 10 100 1000 
!i, high-NOx 0.002 0.195 0.300 0.435 
Low-NOx 
Saturation Concentration (µg/m3) 1 10 100 1000 
!i, low-NOx 0.075 0.300 0.375 0.525 
a Values from Tsimpidi et al. (Tsimpidi et al., 2010) 15 
 16 
aValues from Tsimpidi et al. (2010)
where, [RO2] represents concentration of organo-peroxy radicals from aromatics and
αi represents the overall mass yield.
Semi-volatile Product Gas-Pariticle Partitioning
SOA formation from gas-particle partitioning of semi-volatile species in particle
organic-phase with an assumption of instantaneous thermodynamic equilibrium was
shown to overestimate SOA mass for toluene experiments at conditions of low initial
seed concentration and presence of a non-SOA-forming mixture (HCmix) (Parikh et al.,
2011). Alternatively, this study uses a fast dynamic gas-particle partitioning approach
with accommodation coefficient acting as the principal transport parameter (Bowman
et al., 1997) for aromatic mixture and xylene experiments. This method was successfully
used previously to evaluate toluene experiments under similar environmental conditions
and complete mathematical details, a graphical illustration and limitations are provided
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in (Parikh et al., 2011). A summary of assumed parameters required for the dynamic
approach are listed in Table B.1 of the supplementary information. The enthalpy of
vaporization for both toluene and xylene semi-volatile products are suggested values
from (Carlton et al., 2010) for the 2P model and those suggested by (Tsimpidi et al.,
2010) for the VBS model.
Uptake of Glyoxal and Methylglyoxal in Particle Aqueous-phase
Glyoxal and methylglyoxal are formed in considerable amounts from oxidation of
aromatics (Arey et al., 2009). Recent chamber and field studies have indicated that
both dicarbonyls play an important role in aqueous-phase SOA formation (Dzepina
et al., 2009; Ervens and Volkamer, 2010) through uptake to particle aqueous-phase.
There is considerable uncertainty regarding the uptake coefficient for glyoxal
For this study, we further compare the results from the simplified second-order
rate formulation to the surface-uptake limiting formulation by (Liggio et al., 2005)
The rate of formation of aqueous-phase SOA per particle is represented by equation 4
from (Liggio et al., 2005)
dmorg
dt
= γpia2〈c〉CgFh (3.7)
where, morg is the increase in organic mass per particle due to glyoxal/methyglyoxal
uptake, γ is the reactive uptake coefficient, a is the effective particle radius based on
particle hygroscopicity, 〈c〉 is the mean molecular speed of glyoxal or methylglyoxal gas
and Fh is the heterogeneous correction factor assumed to be 1.26. The implementation
requires calculation of an effective radius based on the relative humidity dependent
hygroscopic growth factor of chamber aerosols. This is achieved using hygroscopic
growth factors described in Table 1 of (Martin et al., 2003). (Fu et al., 2008) have
recently applied a similar implementation in GEOS-Chem, a global 3-D model. Another
required parameter is the reactive uptake coefficient, γ, a measure of the reactive
uptake of glyoxal and methylglyoxal including all inherent chemical reactions as a
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whole. (Liggio et al., 2005) suggest the values of γ for glyoxal between 8 x 10-4 and
7.3 x 10-3; for this study we use a mean value of 4.05 x 10-3 for both glyoxal and
methylglyoxal. Results of the model sensitivity between the simplified bulk process
uptake and the reactive surface-uptake formulation for glyoxal and methylglyoxal are
described in section 3.3.
3.3 Results and Discussion
3.3.1 Observed Yields
A detailed discussion on observed yields for the experiments in this study is
provided in Figures 2-5 in (Zhou et al., 2011). The results show that high initial
seed and its associated particle phase water strongly influence SOA yield. A plot
of SOA yields and average LWC over the entire experiment for xylenes suggests an
exponential relationship between total SOA and particle phase water. Overall for
most experiments, SOA yields are shown to be generally in the range of previous
studies.
3.3.2 Model Performance: Gas-phase
The performance of SAPRC07 and CB05 mechanisms to predict gas-phase aromatic
degradation, O3, NO, and NO2 are illustrated in Figure 3.1. Both the SAPRC07 and
CB05 mechanisms predict faster decay for both o-xylene and p-xylene (Figure 3.1(a)
and (b)). SAPRC07 simulates the predicted O3 remarkably well for the o-xylene
experiment, however, CB05 under-predicts O3 (final O3 under-prediction by 24%) for
the same experiment when compared to observations ((Figure 3.1(a)). For p-xylene,
both SAPRC07 and CB05 over-predict O3 (final O3 over-prediction by 50% for both
mechanisms) when compared to observations ((Figure 3.1(b)). For the aromatic
mixture experiments (toluene + o/p-xylene), the trends for xylene degradation are
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similar to single component xylene experiments. Figure 3.1(c) illustrates the degra-
dation in aromatics for a toluene + o-xylene injection experiment. Overall for this
mixture experiment, SAPRC07 does better in O3 prediction compared to CB05, which
under-predicts O3 by 30% (Figure 3.1(c)). Toluene degradation prediction is similar
between the two mechanisms for this experiment.
Glyoxal and methylglyoxal are formed in significant amounts in aromatic oxidation
systems. The representation of these species is different between CB05 and SAPRC07.
CB05 represents these polar species as a single lumped species called MGLY, repre-
senting methylglyoxal and other aromatic oxidation products. SAPRC07 has explicit
representation of glyoxal and methylglyoxal. Figure 3.2 shows the comparision of
gas-phase predictions of summed polar products (glyoxal + methylglyoxal) from
SAPRC07 and MGLY species in CB05, for high-RH experiment 10 (NO1008/S) in
Table 3.1. The prediction of polar species from CB05 is significantly lower (difference
of 2 ppb in peak concentrations) compared to SAPRC07. In addition, CB05 predicts
the rise of these species earlier in the day (by 30 minutes) than SAPRC07. The effect
of this discrepancy on total SOA is discussed in section 3.3.
3.3.3 Model Performance: SOA
The model performance described in this section is limited to the SOA framework
with a dynamic gas-particle partitioning approach. A detailed discussion on the
comparison between predictions from a SOA framework assuming instantaneous ther-
modynamic equilibrium for gas-particle partitioning and another using a generalized
dynamic partitioning approach, for toluene experiments is provided in (Parikh et al.,
2011). The thermodynamic equilibrium assumption greatly over-predicts SOA from
toluene oxidation for the experimental conditions in the chamber (low ambient seed
and presence of HCmix). This study yields similar findings for xylene and aromatic
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(a) 
! ! !
(b) 
! ! !
(c) 
!
!
!
SAPRC07
 
CB05
 
SAPRC07
 
CB05
 
SAPRC07
 
CB05
 
Figure 3.1: Comparison of predicted and measured concentrations of o-, p-xylene,
toluene, NOx and O3 for experiments (a) JL1207/S (Jul 12, 2007 - South), (b)
OC2608/N (Oct 26, 2008 - North), and (c) ST1707/S (Sep 17, 2007 South). The
solid lines represent model simulations. Observations symbols: -- (O3); ∆ (NOy); o
(NO); ∗ (o-Xylene);  (p-Xylene); and (toluene). Modeling results from SAPRC07
mechanism are shown on left column and CB05 mechanism are shown on the right
column.
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Figure 3.2: Gas-phase predictions of summed polar products (glyoxal + methylglyoxal)
from SAPRC07 and MGLY species in CB05, for experiment 10 (NO1008/S).
mixture experiments. Figure B.1 in the supplementary material shows predictions
for experiment 3 (ST1707/S), a low RH experiment where the aqueous-phase SOA is
expected to be insignificant. The thermodynamic equilibrium assumption over-predicts
final SOA 40 times higher than observed. The dynamic partitioning approach predicts
total SOA remarkably well. The subsequent sections describe the results from the
SOA framework with dynamic partitioning in greater detail and test the sensitivity of
predictions to variety of model choices within this framework.
Sensitivity to Choice of Gas-phase Mechanism and SOA Parameterization Schemes
Figure 3.3 shows the comparisons between observed and predicted SOA mass
concentrations, for experiments 1 to 8 (initial estimated LWC 1 µg/m3) in Table 3.1.
The dotted lines show simulations from four combinations of model choices relating
to gas-phase mechanism and SOA parameterization scheme. The plots also show
root mean square error (RMSE) between predicted and observed SOA for each model
choice. Total predicted SOA mass fits the observed concentrations reasonably well for
all experiments and for all mechanism choices (RMSE 0.18-1.65 µg/m3). The choice
of condensed gas phase chemistry or semi-volatile partitioning does not greatly affect
the predictive ability of the SOA framework for experiments where LWC is low.
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Figure 3.3: Comparison of predicted and measured concentrations of SOA for ex-
periments with estimated liquid water content (LWC) < 1 µg/m3. The modeled
concentrations are reported for four combinations of gas-phase and SOA mechanism
choices: (1) SAPRC07 and VBS (2) CB05 and VBS (3) SAPRC07 and 2P (4) CB05
and 2P. The number next to each model choice represents the root mean square error
(RMSE) between predicted and measured concentrations.
Detailed SOA product distributions for all model choices for experiments 1 to
8 are provided in the supplementary material (Figures B.2 to B.5). The predicted
distribution of high-NOx and low-NOx products follows the changing gas-phase NOx
levels in the chamber. For example, results for AU1407/S show higher formation of
low-NOx SOA products compared to OC2608/N, which had double the initial NOx.
For aromatic mixture experiments (ST1707/N and ST1707/S), SOA from xylene is
slightly greater than SOA from toluene under the high-NOx pathway, in spite of initial
concentration of toluene being approximately twice that of xylene in both experiments.
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Under low-NOx pathway, SOA from toluene is slightly greater than SOA from xylene.
Experiments 1-8 had low particle LWC resulting in aqueous-phase SOA being a
small fraction of the total predicted SOA. This is most apparent later in the day when
organic-phase SOA dominates the total SOA mass. Using SAPRC07 and VBS, for low
RH experiments (ST1707/N and AU1407/S), the aqueous-phase SOA contributes less
than 4% of the total SOA mass. For experiments (ST1707/S, OC0208/N, OC0208/S
and JL1207/S) with intermediate RH (varying from 80 to 30%), predicted aqueous-
phase SOA fraction can still contribute between 5 to 17% of the total SOA mass
earlier in the day, but the relative contribution is drastically reduced in the middle of
the day, as the chamber humidity drops due to rising temperatures. For experiments
with high RH and low initial LWC (OC2608N and OC3108N), relative contributions
of aqueous-phase SOA are high earlier in the day (22 to 45%), but decreases to less
than 7% at the end of the day.
Figure 3.4 shows the comparisons between observed and predicted SOA mass
concentrations, for experiments 9 to 14 (initial estimated LWC lt 1 µg/m3) in Table
3.1. The dotted lines show simulations from four combinations of mechanism choices
relating to gas-phase mechanism and SOA parameterization scheme. The plots also
show root mean square error (RMSE) between predicted and observed SOA for each
model choice. The RMSE values fall within a range of 0.3 to 3.08 µg/ m3, and varies
for each model choice between experiments. In general, CB05 predicts slightly higher
early morning SOA mass and lower final SOA mass compared to SAPRC07, for the
same SOA parameterization scheme. This can be attributed to the early rise and
lower peak MGLY species prediction for CB05 compared to SAPRC07 (as shown in
Figure 3.2). Overall, for high LWC experiments, the total predicted SOA mass fits the
observed concentrations reasonably well for all experiments and for all model choice.
Detailed SOA product distributions for all model choices for experiments 9 to 14
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Figure 3.4: Comparison of predicted and measured concentrations of SOA for ex-
periments with estimated liquid water content (LWC) > 1 µg/m3. The modeled
concentrations are reported for four combinations of gas-phase and SOA mechanism
choices: (1) SAPRC07 and VBS (2) CB05 and VBS (3) SAPRC07 and 2P (4) CB05
and 2P. The number next to each model choice represents the root mean square error
(RMSE) between predicted and measured concentrations.
are provided in the supplementary material (Figures B.6 to B.9). Aqueous-phase SOA
largely contributes to the total predicted SOA for all experiments and ranges from 20
to 58% of the final SOA mass. It is clear that without the inclusion aqueous-phase
SOA, the SOA framework would under-predict the total SOA.
Sensitivity to Choice of Glyoxal/Methylglyoxal Uptake in Particle Aqueous-phase:
Bulk-Process vs. Surface Uptake
Figure 3.5 shows the comparison of predicted SOA between two different approaches
of glyoxal/methylglyoxal uptake vs. observed data. For all four experiments shown in
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this figure, the gas-phase mechanism and SOA parameterization are fixed to SAPRC07
and VBS (choices with lowest RMSE for most experiments as shown in Figures 3.3-3.4).
The dashed black line represents predictions from a second-order LWC-dependent rate,
as represented by equations ?? and ??. The dashed red line represents predictions from
surface-uptake rate expression from Liggio et al. (2005). The numbers in the legend
represent RMSE between observed and predicted. Detailed product distributions from
the surface-uptake approach are shown in Figures B.10 and B.11 in the supplementary
material. Overall, both approaches predict the SOA formation reasonably well, with
no significant difference between RMSE between the two uptake models. It should
be noted that the surface-uptake rate expression does not use the estimated LWC
for each experiment. Alternatively, it uses RH-dependent hygroscopic growth factors
to determine an effective radius that is used in the surface-uptake rate expression
(Equation 3.7).
For low-RH (AU1407/S) and medium-RH experiments (JL1207/S and OC0408/S),
the surface-uptake approach predicts higher SOA mass compared to second-order rate
approach. But for high-RH experiment (NO1008/S), the second-order rate approach
predicts higher SOA. This can be attributed to the differences in LWC-RH relationship
used to estimate LWC in second-order rate approach, compared to the RH-hygroscopic
growth factor relationship used to estimate effective particle radius in the surface-
uptake expression. The hygroscopic growth factors are capped at 90% RH. In general,
there is uncertainty associated with both RH-dependent relationships, however, the
predictions for the two uptake approaches fall within the range of observed data.
With these results and the changing RH conditions in the chamber for the duration
of each experiment, it is difficult to conclude if the formation of aqueous-phase SOA
is bulk-limiting or a surface-uptake process. Since both approaches predict SOA
within the range of observed data, one possibility is the combination of both bulk
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Figure 3.5: Sensitivity of SOA predictions to glyoxal and methylglyoxal uptake
model for four experiments. The dots represent observed SOA mass. The modeled
concentrations are reported for: (1) Dashed black line - Second-order rate uptake of
glyoxal and methylglyoxal dependent on particle estimated LWC and an assumed
rate constant (2) Dashed red line Surface-uptake of glyoxal and methylglyoxal based
on formulation by (Liggio et al., 2005). The gas-phase and SOA mechanisms for all
four experiments are SAPRC07 and VBS.
reactions and reactive-surface uptake processes for ambient seed used in our chamber
experiments.
Model Sensitivity to Accommodation Coefficient
The accommodation coefficient, α, is the principal transport parameter in the
dynamic partitioning approach. The assumed values for this study (Table B.1 in
the supplementary material) are below 0.1. At such low values it is expected that
mass-transfer becomes the limiting factor in particle growth (Bowman et al., 1997).
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To investigate the model sensitivity to α, the value of αhighNOx is varied from 0.002 to
1.0 and αlowNOx is varied from 0.0003 to 0.3 for low-RH experiment ST1707/S. Figure
3.6 shows the predictions from different values of αhighNOx and αlowNOx. As expected,
for lower values of α, mass-transfer is slow leading to low final predicted mass. This
study uses values of αhighNOx = 0.002 and αlowNOx = 0.0003 for all experiments
indicating severe mass-transfer limitation at seed values in the chamber. At values of
α above 0.1, the model solution is very close to prediction from SOA model with the
thermodynamic equilibrium assumption (solid black line). The results indicate that
above values of 0.1, the solution approaches that of instantaneous thermodynamic
equilibrium and confirm the expected behaviour of the dynamic partitioning approach.
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Figure 3.6: Sensitivity of SOA predictions to the assumed accommodation coefficient
3.3.4 Limitations of the SOA Framework
A detailed discussion of solution time-step limitations of the dynamic approach
is provided in Parikh et al. (2011). Further, as conclusively seen from Figure 3.6,
the predictions are highly dependent on the accommodation coefficient, an uncertain
52
parameter controlling mass-transfer limitations. An effective method to implement in
air quality models would be to switch to an equilibrium assumption solution above a
certain threshold of number and size distribution of particles. (Bowman et al., 1997)
suggest particle surface areas above 1000 µm2 cm-3 for equilibrium conditions.
The SOA framework also has uncertainties in the glyoxal/methylglyoxal uptake
models. The second-order uptake rate based on bulk process with assumed rate
constant for this study might not be valid under other ambient seed compositions. As
shown by (Ervens and Volkamer, 2010), the uptake is not similar between different
seed types. Also, the estimated LWC for bulk process approach uses a LWC-RH
relationship that is only verified for aromatic SOA formation with (NH4)2SO4 seed
(Kleindienst et al., 1999). The reactive surface-uptake model from Liggio et al. (2005)
has uncertainty in the derived uptake coefficient γ and requires calculation of an
effective radius based on the particle hygroscopic growth factor RH relationship. In
addition, the SOA framework makes an assumption of distinct organic and aqueous-
phase separation. This is likely when non-polar primary and secondary organics are
present in significant amounts, but not always true. Further, the activity coefficients in
organic-phase are assumed to be 1.0. This is a reasonable assumption for parameterized
products, but again not always true.
3.3.5 Discussion
Empirical parameterization approaches (2P and VBS) to model SOA with a fast
dynamic gas-particle partitioning algorithm are able to accurately predict total SOA
mass at low seed concentrations. This finding is confirmed for aromatic systems
(xylene and mixtures of toluene and xylene) showing the importance mass-transfer
limitations in SOA formation, particularly at atmospherically relevant conditions.
Sensitivity of this model to different regulatory gas-phase mechanisms and SOA
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parameterization schemes indicate that irrespective of these choices, the dynamic
partitioning approach predicts SOA within the range of observed values. Based on
the results, the thermodynamic equilibrium assumption currently used in regulatory
air quality models should be reconsidered at certain ambient conditions of low seed,
although further testing of the dynamic approach is required on biogenic and other
urban SOA precursors to recommend its implementation in AQMs.
Two different approaches to model glyoxal/methylglyoxal uptake, a second-order
bulk-limited process rate dependent on particle LWC and a reactive surface-uptake
formulation based on (Liggio et al., 2005), yield similar predictions that fall within the
range of observed SOA. Irrespective of the actual mechanism of glyoxal/methylglyoxal
uptake to particle aqueous-phase, the importance of aqueous-phase SOA from aromatics
is clear under ambient conditions. This strongly suggests incorporating aqueous-phase
SOA processes in regulatory AQMs.
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CHAPTER 4
A COMBINED KINETIC AND VOLATILITY BASIS SET
APPROACH TO MODEL ORGANIC AEROSOL FROM TOLUENE
AND DIESEL EXHAUST/MEAT COOKING MIXTURES
This section of my dissertation will be submitted to Envronmental Science and
Technology or Atmospheric Environment. The article has been reformatted to meet
the dissertation standards of the UNC graduate school.
4.1 Introduction
Organic aerosols (OA) form a substantial component of ambient particulate matter
(PM) (Zhang et al., 2007) and have important implications on climate (IPCC, 2007)
and human health (Pope and Dockery, 2006; Lazaridis, 2011). Part of OA comprises
of secondary organic aerosol (SOA) formed from complex and multi-generational
oxidation reactions of a variety of volatile organic compounds (VOC). This oxidation
chemistry results in formation of semi-volatile products capable of absorbing into a
particle organic-phase (Pankow, 1994) and polar species capable of uptake in particle
aqueous-phase (Parikh et al., 2011; Dzepina et al., 2009). Traditionally, the remaining
fraction of OA has been considered to be comprised of particles directly emitted from
a variety of natural and anthropogenic sources. This fraction is referred as primary
organic aerosol (POA) and has been considered non-volatile until recently.
Air quality models (AQM) commonly under predict OA in urban areas (?). Part
of this discrepancy is attributed to the poor representation in AQM of low-volatility
organic vapors, originating from a wide-range of sources: gasoline exhaust, meat
cooking, trash burning, wood smoke, biomass combustion, etc. (?). These emissions
have been traditionally defined in AQM as non-volatile POA and emitted in particle
form. Recent studies have shown that treating these emissions as a combination of semi-
volatile (SVOC), C∗ ≤ 102µg/m3, and intermediate (IVOC), 103 ≤ C∗ ≤ 106µg/m3,
volatility organic compounds and their chemical aging process can contribute to
formation of OA in the range of 60 to 100 Tg/yr on a global scale (10% higher
compared to studies that assume non-volatile POA) (Pye and Seinfeld, 2010) and 40
to 60% of the total measured OA in urban areas (2-4 times higher than previous base
case studies that assume non-volatile POA) (Hodzic et al., 2010).
Newer OA modeling frameworks have utilized a volatility-basis set (VBS) ap-
proach to simulate OA from both primary VOC species and from chemical aging
and partitioning of IVOC/SVOC emissions (Tsimpidi et al., 2010). SOA formation
routinely employs NOx-dependent SOA yields for various primary VOC species, that
act as precursors of SOA (Carlton et al., 2010; Lane et al., 2008a). The result is
formation of empirical semi-volatile oxidation products that are distributed in four
logarithmically spaced volatility bins. Further, the semi-volatile oxidation products
are partitioned into the particle organic-phase frequently using the absorption theory
of Pankow (Pankow, 1994) that assumes instantaneous thermodynamic equilibrium
for gas-particle partitioning. Recent studies have included development of condensed
kinetic chemical mechanisms to simulate SOA formation from individual VOC precur-
sors such as toluene, xylenes, isoprene, etc. (Kamens et al., 2011; Zhou et al., 2011; Xia
et al., 2009). Kinetic chemical mechanisms have semi-explicit SOA formation reaction
pathways and include seed and relative humidity (RH) effects on SOA formation. This
is an inherent advantage over parameterized mechanisms, since the VBS parameters
are dependent on experimental conditions of the particular chamber, where the SOA
formation yields were derived.
The prediction of OA from hundreds of species in IVOC and SVOC emission
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sources is achieved by characterizing these species in nine logarithmically spaced
volatility bins (Tsimpidi et al., 2010; Li et al., 2011; Shrivastava et al., 2008). These
VBS species are treated as chemically reactive and are assumed to react with .OH
radicals reducing their volatility. Similar to the treatment of VBS species from VOC
precursors of SOA, the products of this oxidation (secondary vapors) are allowed
to partition in particle organic-phase by utilizing the absorption theory of Pankow
(Pankow, 1994). Methods like VBS are perfectly suited for characterizing these
mixtures of low volatility vapors. For example, 120 compounds are quantified in
meat cooking OA alone (Gray et al., 1986) and diesel exhaust is a complex mixture
composed of hundreds of organic compounds (Sagebiel et al., 1996; Zielinska et al.,
2004a,b). It is a challenge to represent these species explicitly, both because of poor
characterization of all the IVOC/SVOC sources and computational requirements,
although recent effort has been to include them as single surrogate species (Pye and
Seinfeld, 2010). VBS approach allows representation of these species in a systematic
manner (using volatility bins based on saturation concentrations). This approach
is also able to describe gas-particle partitioning with relatively few parameters and
describe chemical aging process by treating VBS species as chemically reactive.
The goal of this study is to evaluate a hybrid kinetic and VBS modeling approach
to predict OA formation. Predicted OA using this approach is compared with OA
observations from 5 smog chamber experiments (Table 4.1). The experiments include
injection of toluene, NOx, a hydrocarbon mixture comprising of short-chain alkane
and alkenes (UNCMIX80) and dilute diesel combustion exhaust (DE) or meat cooking
emissions (ME), in the presence of low initial background seed and varying RH.
SOA from toluene oxidation is predicted using the condensed kinetic CB05-Toluene
mechanism (Kamens et al., 2011). This mechanism is comprised of 37 toluene gas-
phase reactions and includes uptake of SOA to particle aqueous-phase. Both DE and
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ME were distributed by volatility. Previous work on DE characterization has revealed
that it is a complex mixture of IVOC and components presumably associated with
partially burned fuel (Robinson et al., 2007; Miracolo et al., 2010; Zhang et al., 2005).
For ME, emissions contain significant fraction of oxygenated organic compounds;
however, their unit-resolution mass spectral signatures are very similar to those from
ambient OA (Mohr et al., 2009). In another recent study, meat-cooking OA has
been found to have consistently lower volatility than ambient OA (Huffman et al.,
2009). Based on these studies, different volatility distributions were applied to DE
and ME (section 4.2). To our knowledge, this is the first study that evaluates a hybrid
approach to OA formation, by numerically modeling innovative chamber experiments
that encompass various environmental conditions in an urban atmosphere.
4.2 Materials and Methods
4.2.1 Experimental section
Table 4.1 shows the list of experiments modeled in this study, experimental
conditions and initial injections. Experiments were performed in the UNC 274 m3
dual outdoor aerosol smog chamber located in Pittsboro, NC (Hu and Kamens, 2007;
Kamens et al., 2011). The two sides of the chamber are designated as North and
South and simultaneous experiments on both the sides are performed for each day.
Operational details of each experiment (Kamens and Jaoui, 2001) and the measurement
of O3 and NOx from the chambers are described in detail elsewhere (Kamens et al.,
2011). Aerosol size measurements were made with a Scanning Mobility Particle Sizer
(SMPS, TSI 3080 with CPC TSI 3022 A, Shoreview, MN).
Diesel particles and associated gases were generated from a 1990 Mercedes Benz
300SD engine that was running under idling conditions. Simultaneously the particles
were injected on the appropriate side of the chamber. Diesel fuel was purchased from a
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Table 4.1: Summary of initial experimental conditions.
17 
 
Table 1. Summary of initial experimental conditions. 
Exp
.ID 
Date/Sidea 
 
Toluene b 
(ppmC) 
UNCMIX80c 
(ppmC) 
[NO]0d 
(ppm) 
[NO2]0e 
(ppm) 
Tempf 
(K) 
RHg 
(%) 
[seed]0h 
(µg/m3) 
Emission 
Typei 
1 ST2607/S 1.0 3.0 0.166 0.032  286- 311 93-29 17.5 DE 
2 ST2407/S 1.0 3.0 0.178 0.016 286- 311 7-4 15.0 DE 
3 OC0707/N 1.0 3.0 0.180 0.018 294-307 66-25 6.7 ME 
4 OC0907/N 0.5 1.5 0.065 0.048 294-305 73-59 4.5 ME 
5 ST0507/S - 3.0 0.174 0.016 287-311 62-45 25.0 DE 
a MMDDYYN/Side format, where, MM is two letter month initials, DD is the experiment day, YY is 
the experiment year and Side is N or S representing chamber side in which experiment was performed 
- N: North side, S: South side.  
b Represents the initial toluene injected in the chamber. The ST0507/S experiment has no toluene 
injection 
c UNCMIX80 is a hydrocarbon mixture comprising of short-chain alkanes and alkenes (composition 
described in Kamens et al. [15]).  
d [NO]0 is the initial NO injection in the chamber.  
e [NO2]0 is the initial NO2 injection in the chamber.  
f Temp: Range of temperature over the duration of the experiment. 
g RH: Range of relative humidity over the duration of the experiment.  
h [seed]0: is the initial observed mass of background and injected seed in the chamber. The 
composition of seed is measured to be ∼25% sulfates, ~10% nitrates and rest is primary and aged 
organic material.  
i Emission Type: DE represents injection of dilute diesel combustion exhaust and ME represents 
injection of emissions from meat cooking. 
 
Table 2. VBS species distribution fractions and gas-particle partitioning parameters. 
C* at 298 K 
(µg/m3) 
10-2 10-1 1 10 102 103 104 105 106 
Fraction of DE 
emissionsa 
0.03 0.06 0.09 0.14 0.18 0.3 0.4 0.5 0.8 
Fraction of ME 
emissionsb 
0.2 0.3 0.5 0.0 0.0 0.0 0.0 0.0 0.0 
MWc (g/mol) 250 250 250 250 250 250 250 250 250 
!Hd (kJ/mol) 112 106 100 94 88 82 76 70 64 
a Values from Tsimpidi et al. [12] 
b Assumed values based on recent studies. [26, 27] 
c MW: Assumed Molecular Weight. 
d !H: Enthalpy of vaporization values from Tsimpidi et al [12]. 
aMMDDYYN/Side format, where, MM is two letter month initials, DD is the experi-
ment day, YY is the exp riment year and Sid is N or S repres nting chamber side in
which experiment was performed - N: North side, S: South side.
bb Represents the initial toluene injected in the chamber. The ST0507/S experiment
has no toluene njectio .
cUNCMIX80 is a hydrocarbon mixture comprising of short-chain alkanes and alkenes
(composition described in Kamens et al. (2011)).
d[NO]0 is the initial NO inj ction in the chamber.
e[NO2]0 is the initial NO2 injection in the chamber.
f Temp: Range of temperature over the duration of the experiment.
gRH: Ra ge of relative humidity over the duration of the experiment.
h[seed]0: is the initial mass of background seed in the chamber. The composition of
background seed is measured to be 25% sulfates, 10% nitrates and rest is primary and
aged organic material.
i Emission Type: DE represents injection of dilute diesel combustion exhaust and ME
represents injection of emissions from meat cooking.
com ercial fuel station in Chapel Hill, NC. For ME, hamburger meat containing 20%
fat content was cooked on a propane grill and the resulting particles were introduced
in one side of the chamber. The initial seed aerosol for each experiment consists of
rural background par icles (called background particles) and generally depends on
the level of drying and outdoor conditions for that experiment. The background seed
particle composition is measured to be approximately 25% sulfates, 10% nitrates and
the rest is primary and aged organic material (Kamens et al., 2011; Chandramouli
et al., 2003; Lee et al., 2004). Water-uptake capacity of particles was assumed to
be 35% of its total volume (approximately equal to the sulfate and nitrate fraction).
59
A particle density of 1.76 g/cm3 was applied to the sulfate and nitrate fraction of
background seed; the mass of secondary and preexisting (primary and aged) organic
fraction of background seed was calculated assuming a density of 1.4 g/cm3 and 1.1
g/cm3. Computation of particle liquid water content (LWC) from chamber RH and
wall-loss assumptions based on previous measurements is described in detail elsewhere
(Parikh et al., 2011; Kamens et al., 2011).
4.2.2 Model Description
Figure 4.1 shows the OA model framework used to simulate OA formation chemistry
for all the experiments in the chamber. CB05-UNC Toluene kinetic mechanism is
used to simulate the gas-phase oxidation chemistry and subsequent formation of
semi-volatile species from toluene oxidation that result in SOA generation (Figure
4.1(a)). The volatility resolved OA from DE/ME comprises of 9 VBS species with
saturation concentrations (C*) at 298 K ranging from 106 to 10-2 µ g/m3 (Figure
4.1(b)). These species (with the exception of non-volatile species with C*=10-2 µ
g/m3) are assumed to chemically age by reaction with .OH at each time-step. OA
(DE/ME) in Figure 4.1(b) represents the sum of predicted particle organic-phase
concentrations of the 9 VBS species. Detailed descriptions of kinetic mechanism and
DE/ME OA and aging are given in the following sections. The predicted total OA
(Figure 4.1(c)) is the sum of predicted SOA from toluene oxidation and the total
predicted particle organic-phase concentrations from DE/ME.
Condensed kinetic aromatic mechanism: CB05-UNC Toluene
The CB05-UNC Toluene mechanism is similar in most aspects to the CB4-Toluene
condensed mechanism that is described in detail elsewhere (Kamens et al., 2011). The
mechanism functions within the organic and inorganic chemistry of a Carbon Bond 05
(CB05) framework (Yarwood et al., 2005). The highly condensed toluene oxidation
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Figure 4.1: Schematic of the organic aerosol (OA) modeling framework. → represents
chemical reaction, ↔ represents gas-particle partitioning. (a) The kinetic mechanism
section represents formation and gas-particle partitioning of semi-volatile and polar
products from toluene oxidation using CB05-UNC Toluene mechanism. (b) Volatility
Basis Set (VBS) resolved OA for diesel combustion exhaust (DE) and meat-cooking
emissions (ME) are represented by 9 VBS species with each box representing the
saturation concentration (C ∗ inµg/m3) at reference temperature. Reaction with .OH
(aging) shifts the gas-phase organic mass in each bin to a lower volatility bin and
the gas-particle partitioning process under conditions of thermodynamic equilibrium
determines the distribution of each VBS species in gas and particle organic-phase. (c)
Total predicted OA represents the sum of SOA (from toluene) and OA from DE/ME.
chemistry in CB05 is replaced with 37 gas-phase reaction steps (Kamens et al., 2011)
that produce four major product groups are created that lead to SOA (Figure 4.1(a)).
These product groups are (a) highly oxygenated C4 and C5 aliphatics (polycarb),
(b) aliphatic hydroxy nitrates (OHcarbNO3), (c) polymers and oxidation products
of glyoxal and methylglyoxal (GLYpoly) and (d) highly oxygenated carboxylic acids
(carbacid). GLYpoly forms the dominant component of particle aqueous-phase SOA
due to uptake of glyoxal and methylglyoxal in particle water. Estimated activity
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coefficients of polycarbparticle and OHcarbNO3particle in water suggest considerable
partitioning (water soluble organics) into the particle aqueous-phase and hence parti-
tioning to the aqueous-phase of polycarb, OHcarbNO3 and carbacid were also included
as part of the CB05-UNC Toluene mechanism. For partitioning in particle organic-
phase, the gas-particle dynamic equilibrium is represented kinetically as forward, kon,
and backward reactions koff , so that the partitioning coefficient is Kp = kon/koff .
Technique for computing kon and koff are described in detail elsewhere (Kamens et al.,
2011; Kamens and Jaoui, 2001; Hu and Kamens, 2007).
Diesel exhaust/Meat-cooking emissions
In previous UNC chamber experiments, it is estimated that when 15 to 17 µ g/m3
of measured DE OA was injected to the chambers, 0.01 ppmV of ethylene, 0.003
ppmV propylene, 0.003 ppmV of formaldehyde, 0.004 ppmV of higher aldehdyes,
and 0.004 ppm of toluene were added to the chamber. These gases enhance the
O3 formation and impact .OH concentrations and hence are injected in relevant
proportions (corresponding to the measured initial OA) for DE experiments. To
account for DE low-volatility vapors, the total IVOC and SVOC emissions are
estimated by multiplying the initial observed particle OA mass concentration by a
factor of 3 (Robinson et al., 2007; Tsimpidi et al., 2010) and the OA emissions were
distributed by volatility (Table ??) using the volatility distributions obtained by
previous studies for diesel exhaust (Tsimpidi et al., 2010; Shrivastava et al., 2008).
The distribution is comprised of nine lumped VBS species corresponding to volatility
bins that range from 10-2 to 106 µg/m3 at 298 K. As can be seen from Table ??,
majority of emissions from DE have a C∗ ≥ 103µg/m3 (IVOC) and dominantly exist
in gas-phase at typical ambient conditions. Figure 4.1(b) shows the chemical aging
of the VBS species by reaction with .OH at each time-step, that shifts the organic
mass in each bin to a lower volatility bin. We assume a second-order reaction rate
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constant of 4 x 10-11 cm3 molecules-1 sec-1 for the chemical aging reaction (Atkinson
and Arey, 2003). With these reactions, IVOC on oxidation can produce compounds
with lower C* values that can lead to substantial particle OA formation. Using
Pankows gas-particle partitioning theory (Pankow, 1994) and assuming ideal solution,
the OA from DE/ME can be computed as the sum of the 9 VBS species in particle
organic-phase.
For ME, recent studies have shown that meat-cooking OA have consistently lower
volatility than ambient OA and are unlikely to be a significant direct source of
oxygenated OA (Huffman et al., 2009; Mohr et al., 2009). Hence, the total mass of
OA emissions from ME is assumed to be same as the initial observed particle OA
mass. Table 2 shows the volatility distributions assumed for ME. The distribution
largely consists of non-volatile (C∗ ≤ 10−3µg/m3) and one semi-volatile (
4.3 Results and Discussion
4.3.1 Description of gas-phase system
The performance of CB05-Toluene mechanism to predict gas-phase O3, NO and
NO2 are illustrated in Figure 4.2. Experiments with injections of DE, toluene and
UNCMIX80 (ST2607/S and ST2407/N) show exceptionally good match between
observed and predicted data both for O3 and nitrogen oxides. For experiments with
injections of ME, toluene and UNCMIX80, experiment 3 (OC0709/N) shows slight
under-prediction in O3, however, experiment 4 (OC0907/N) shows good agreement
between predicted and observed values. Experiment 5 (ST0507/S) with injection of
UNCMIX80 and DE shows slight under-prediction in O3. The under-predictions in O3
for experiments 3 and 5 are possibly due to differences in composition and proportions
of volatile gases injected along with DE and ME. For DE, the engine idling time and
the composition of the diesel fuel and for ME, the composition of meat and the method
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of cooking can lead to the variation in composition and proportion of volatile gases.
Overall, the results suggest that the CB05-Toluene mechanism is able to simulate the
gas-phase reactivity of toluene and DE/ME mixtures in ambient urban conditions
reasonably well.
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Figure 2. Comparison of modeled and measured concentrations of NOx and O3 for all experiments. The 
dotted lines represent model simulations with CB05-UNC Toluene mechanism and solid line with 
points represent observed data. UNCMIX80 is a hydrocarbon mixture comprising of short-chain alkanes 
and alkenes (composition described in Kamens et al. [15]). 
Figure 4.2: Comparison of modeled and measured concentrations of NOx and O3
for all ex eriments. The dotted lines represent model simulations with CB05-UNC
Toluene mechanism and solid line with points represent observed data. UNCMIX80
is a hydrocarbon mixture comprising of short-chain alkanes and alkenes (composition
described in Kamens et al. (2011)).
The gas-phase .OH concentrations play a crucial role in the process of chemical
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aging of VBS products. For every VBS product aging reaction, .OH is consumed and
the organic mass is shifted to the VBS species representing the next lower volatility
bin. In this study, the consumption of .OH does not seem to have an impact on
O3 predictions, based on the good match between observations and predicted values.
However, the efficient consumption of .OH is an issue in regional and global scale
models, where .OH concentration decreases considerably, which in turn inhibits the
aging process (Li et al., 2011) and also can affect gas-phase chemistry.
4.3.2 Organic aerosol simulations
Figure 4.3 shows the temporal profiles of observed OA, total predicted OA and its
individual predicted components for all 5 experiments. The individual OA components
include semi-volatile products in particle phase from toluene oxidation and particle
OA from DE/ME emissions. Experiment 1 (ST2607/S) is a high RH experiment
where GLYpoly, which is largely formed due to uptake of glyoxal and methylglyoxal
in particle aqueous-phase, dominates the total OA. The particle OA from DE for this
experiment shows an increase between 9 am and 11 am, consistent with observed
OA. Experiment 2 (ST2407/S) is a very low RH experiment, where DE dominates
the particle OA. The model over-predicts the slope of rapid rise between 10 am
and 12 pm when compared to observed OA, however does very well later in the
day when compared to observations. This over-prediction can be attributed to
numerous uncertain parameters associated with VBS, namely, the assumed enthalpy
of vaporization and the mass concentration fractions assigned to the distribution of
DE volatility bins.
Experiment 3 (OC0707/N) is a medium RH experiment and shows equal contri-
butions of SOA from all semi-volatile products of toluene oxidation. Since ME is
assumed to comprised of low-volatility compounds, the predicted particle OA decay
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Figure 4.3: Total predicted (solid line) v/s observed (dots) organic aerosol (OA)
for all experiments. Polycarb, OHCarbNO3, Carbacid and GLYpoly (dashed lines)
represent the SOA generated from toluene oxidation. OA (DE/ME) (black dashed line)
represents the particle OA from emissions and chemical aging of diesel combustion
exhaust (DE) or meat cooking (ME). Experiments 1-4 include toluene injection;
experiment 5 does not include aromatic injection. Experiments 1, 2 and 5 are injected
with DE and experiments 3 and 4 are injected with ME.
from ME is equivalent to particle wall-losses in the chamber. Overall, the total
predicted OA compares well with observed data. Experiment 4 (OC0907/N) is a
high RH experiment, with GLYpoly making up the dominant fraction of OA. Again,
the predicted particle OA decay from ME is equivalent to particle wall-losses in the
chamber for this experiment.
Experiment 5 (ST0507/S) does not have any toluene injection (except a small
amount assumed as part of DE injection), and hence almost entire component of
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particle OA is from DE. The data shows a slight increase in particle OA between 9
am and 11 am and the model does well to capture this trend. In summary, all five
experiments show reasonable fits between observed and particle OA.
Figure 4.4(a) shows the predicted temporal trends of the 9 VBS products for
experiment 1 (ST2607/S) which is a DE injection experiment. The red color line
indicates the particle OA from the least volatile species and the gray color line is
the particle OA from high volatility species. The trends of VBS species are complex
functions of temperature, .OH concentrations and enthalpy of vaporization. The figure
shows a decline in IVOC species as they chemically age with time. For ME experiment
4 (OC0907/N), the meat-cooking emissions are assumed to have no fraction of IVOC
species, hence Figure 4.4(b) shows the temporal trends of least volatility species and
the remaining VBS species have values close to zero for the duration of the experiment.
This highlights the difference between the properties of individual species from DE
and ME and the importance of accurate characterization for emission inventories in
regional and global AQM.
Figure 4.5 shows the comparison between particle OA predictions by (a) assuming
DE as a non-volatile POA which is largely the approach used in traditional emission
inventories and (b) assuming DE as low-volatile organic vapors represented using a
VBS distribution and chemical aging. The traditional POA approach shows under-
estimation of predicted total OA, particularly in the middle of the day. In the event
of greater DE emissions, this under-prediction would certainly be more severe. The
VBS approach is able to predict the rapid particle OA growth earlier in the day,
leading to a better fit with the OA observations. This can be attributed to the VBS
approach accounting for chemical aging of IVOC and partitioning of SVOC to particle
organic-phase.
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Figure 4.4: OA concentrations of 9 volatility basis set (VBS) species for two experi-
ments, ST2607S with DE injection and OC0907N with ME injection. The C∗ values
indicate the saturation concentration in µg/m3 of the 9 VBS species. OA represents
the particle organic aerosol mass. (a) Temporal trends of predicted VBS species in
experiment 1 (ST2607/S) (b) Temporal trends of predicted VBS species in experiment
4 (OC0907/N).
4.3.3 Discussion and Implications
With recent advances in SOA formation chemistry, condensed kinetic mechanisms
offer an alternative approach to model SOA from individual VOC precursors. Kinetic
mechanisms allow flexibility to include RH and seed effects, unlike parameterized
models that are inherently dependent on the chamber conditions under which the
parameterizations were developed. These mechanisms also provide insights on indi-
vidual reaction pathways and chemical speciation of SOA, which is useful to compare
predictions with data from field studies. Specific to this study, the kinetic mechanism
allows insights into the individual lumped components of toluene SOA, particularly
the important role of aqueous-phase SOA under high RH conditions.
We also show using a VBS approach for DE and ME, the distinct difference
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Figure 4.5: Observed OA and predicted OA using two different approaches to treat
diesel exhaust emissions (for experiment 1 - ST2607S). OA predictions using (a) the
traditional approach where diesel combustion exhaust is assumed to only comprise of
non-volatile primary organic aerosol (POA). (b) Volatility basis set (VBS) approach,
where diesel combustion exhaust emissions are comprised of low-volatility organic
vapors that partition in particle OA and chemically age.
in the volatility range of organic vapors between both these sources. The results
are in agreement with previous studies (Robinson et al., 2007; Mohr et al., 2009;
Huffman et al., 2009), where DE is largely comprised of IVOC compounds and ME
mostly constitutes non-volatile and semi-volatile species. Therefore, it is important for
emission inventories to distinguish and characterize OA emissions from different urban
and rural sources as accurately as possible. Also, using correct volatility distribution
instead of traditional POA representation, particularly of DE-like sources, in regional
and global AQM is crucial to accurately estimate organic aerosol production 4.5. This
is consistent with a recent study that predicted a 10% increase in OA production with
inclusion of IVOC in a global model ??.
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In this study, we presented a hybrid kinetic and VBS (with chemical aging)
approach to model OA in the presence of toluene and DE/ME. This model framework
is successfully evaluated against 5 smog chamber experiments, both for gas-phase and
OA formation chemistry. The results effectively demonstrate a new technique to model
OA under urban conditions and highlight the importance of characterizing complex
emissions to account for low volatility organic vapors. The model also integrates
toluene oxidation chemistry with IVOC oxidation, through reactions of predicted
gas-phase .OH concentrations with VBS species as part of the chemical aging process.
Implementation of such an approach in AQM requires extension of condensed kinetic
chemistry to various anthropogenic and biogenic precursors and detailed volatility
distributions of complex sources of emissions. Future studies on condensed kinetic
mechanisms geared towards OA formation and VBS characterization of a suite of
emission sources, can make it possible to evaluate and implement such an approach
in regional-scale and global OA prediction models.
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CHAPTER 5
OVERALL CONCLUSIONS
The three research studies presented in this dissertation evaluate existing and
new OA prediction algorithms. With this work we provide answers to four essential
questions in seeking to evaluate the model (Beck, 2002):
• Are model components scientifically sound?
• How well does the model perform against data from experiments?
• Do the new models provide us with predictive tools for policy formulation and
help us explore important processes in OA formation?
• Based on model evaluation, what is the recommended research path for the
future?
5.1 Model components
The OA modeling frameworks used in this work can be broadly divided in three
components:
• The mechanisms of semi-volatile product formation
• The gas-particle partitioning schemes
• The reactive uptake of polar species in particle aqueous-phase
The parameterized or kinetic mechanisms for aromatic oxidation and semi-volatile
product formation used in this research have been either developed using independent
chamber measurements (Ng et al., 2007; Hildebrandt et al., 2009) or have been subject
to the process of peer-review (Kamens et al., 2011; Tsimpidi et al., 2010).
The traditional OA framework in regulatory and global air quality models use
a thermodynamic equilibrium assumption for gas-particle partitioning process. Our
evaluation of this traditional framework for pure aromatic-NOx experiments (at low
RH) vindicates the use of thermodynamic equilibrium assumption for these conditions
(Experiments 9 and 10 in Figure 2.8). On the contrary, the assumption fails to predict
OA in multiple experiments with low background seed, presence of a non-SOA-forming
alkane/alkene mixture and low RH. A fast dynamic gas-paritcle partitioning approach
that accounts for kinetic and mass-transfer limitations is proposed and evaluated.
The mathematical formulation for this partioning process has been peer-reviewed
(Bowman et al., 1997; Parikh et al., 2011) with accommodation coefficient as the
principal gas-particle transport parameter.
The process governing the reactive uptake of polar species (glyoxal and methylgly-
oxal in the case of aromatic oxidation) is uncertain and an active area of research.
We implement two different suggested mechanisms (Liggio et al., 2005; Ervens and
Volkamer, 2010) of reactive uptake process:
• A bulk-limited process represented by a second-order uptake rate coefficient.
• A reactive surface uptake process with the uptake coefficient as the primary
uptake parameter.
Both uptake processes are evaluated against chamber experiments at high and medium
RH, where the contribution of aqueous-phase SOA is expected to be substantial.
5.2 Model evaluation metrics
The evaluation of the proposed OA framework is through comparison of plotted
temporal profiles, the overall root mean square error (RMSE) and the difference in
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maximum values between OA predictions and observed data. Overall, the proposed
OA framework with the dynamic partitioning approach substantially improves the
RMSE between predicted and observed OA (reduction of 3 to 10 times as compared
to the thermodynamic equilibrium assumption) and predicts the correct temporal
trends in OA for low RH experiments.
For high RH experiments, the inclusion of a consistent aqueous-phase chemistry
process for all experiments, explains the observed ”excess yield” of OA formation in
multiple experiments. A sensitivity analysis to the choice of parameterization scheme,
gas-phase mechanism and the aqueous-phase uptake model shows that regardless
of these choices the variation in OA prediction are of small magnitude and fall
within the range of observed OA. Sensitivity of model results to increasing values
of accommodation coefficient shows model solution approaching thermodynamic
equilibrium conditions. This confirms the expected behavior of the model consistent
with previous studies (Bowman et al., 1997).
5.3 Scientific implications
From the three research studies presented in this dissertation we can draw the
following overall conclusions:
• For parameterized SOA mechanisms, gas-particle thermodynamic equilibrium
assumption fails to predict aromatic SOA at conditions of low seed and presence
of non-SOA-forming alkanes/alkenes. This is conclusively shown through eval-
uation of low RH experiments, where any confounding due to aqueous-phase
SOA is expected to be negligible. Particularly low seed leads to gas-particle
transport limitations and the alkanes/alkene mixture leads to lower .OH concen-
trations which in turn impose kinetic limitations on multigenerational oxidation
chemistry.
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• A new SOA framework that includes a dynamic gas-particle partitioning ap-
proach, with accommodation coefficient as the principal transport parameter
that represents the kinetic and transport limitations, reduces residual error (com-
pared to thermodynamic equilibrium approach) between observed and predicted
OA for low RH experiments
• Sensitivity analysis of the new framework illustrates that the dynamic approach
shows variations in predictions within the range of observed data, regardless of
the choice of gas-phase mechanism and SOA parameterization scheme.
• The new framework also includes additional SOA pathway through reactive
uptake of glyoxal and methylglyoxal to particle aqueous-phase. Model results
consistently show that the contribution of aqueous-phase SOA through the
uptake process is significant and dominates the overall SOA fraction for high
and medium RH experiments.
• The reactive uptake process of glyoxal and methylglyoxal is uncertain, both the
reactive aqueous bulk-process and the reactive surface uptake approaches show
minor variations in predictions that are within the range of observed data. The
exact mechanism of the uptake requires further investigation
• An alternative hybrid SOA framework that combines a condensed kinetic mech-
anism (CB05-UNC toluene) with a VBS representation of complex emissions
comprising of intermediate, semi-volatile and non-volatile organics, is success-
fully vindicated against chamber experiments that combine toluene injection
with diesel exhaust or meat cooking emissions.
• Condensed kinetic mechanisms for VOC precursors have an inherent advantage
over parameterized mechanisms to allow flexibility to include OH-dependent
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yields, RH and seed effects. VBS parameterization allows efficient characteriza-
tion of complex emissions. The hybrid framework blends these two approaches as
shown through evaluation of chamber experiments and provides a new predictive
tool for regulatory and global chemical-transport models.
• These conclusions have implications on the use of current SOA framework in
air quality models. The modeling results suggest that current assumptions
and parameterizations for SOA formation work only over a narrow range of
environmental conditions. Future frameworks require considerations for all
possible environmental conditions that affect SOA formation.
5.4 Future ideas
• The short-comings of current OA frameworks and identification of important
processes that dominate under low seed, high RH and presence of a non-SOA-
forming mixture have been explored only for aromatic oxidation systems. Model
evaluation for biogenic oxidation systems are necessary before the modeling tools
are recommended for future predictions to help guide policy.
• Model evaluation for high RH experiments provide indirect evidence to ma-
jor contribution of aqueous-phase SOA under specific gas-phase and low seed
conditions. Direct evidence requires detailed experiments to analyze aerosol
filter samples for expected products from further processing of glyoxal and
methylglyoxal in particle aqueous-phase.
• Implementation and evaluation (using field data) of aqueous-phase SOA for-
mation mechanisms in regulatory air quality models (e.g. CMAQ) should be
considered.
• The OA parameterization can be expanded in the future to more recent param-
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eterization approaches (2D-VBS, carbon number-polarity or carbon number-
oxidation state approach). These approaches allow more accurate representation
of semi-volatile product partitioning and can accommodate fragmentation reac-
tions for highly oxidised products.
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APPENDIX A
CHAPTER 2 SUPPLEMENTARY INFORMATION
A.1 Experimental Description
A Teflon film curtain divides the 270 m3 chamber into two separate sides. One
side has an actual volume of 136 m3 and is referred to as North and the other side,
with a volume of 138 m3, is referred to as South. Routine experimental tasks and
selected functions such as venting, chamber drying, and control of gas monitoring
instrumentation, data collection system, and particle sizers can be performed remotely
over the web.
Before each experiment, the air in the chamber was vented with rural background
North Carolina air using an exhaust blower for at least 6 hours, which represents
about 10 exchanges of the chamber volume. For the dry experiments, clean air
from a clean air generator was added to the chambers for approximately 48-72 hours
at a flow rate of 6m3/hour to each chamber side immediately after venting. Once
desired background conditions were met, sulfur hexafluoride (SF6) was injected as
an inert tracer into each side of the chamber and its concentration was monitored
chromatographically with an electron capture detector throughout the experiment
to determine the rate of dilution. Oxides of nitrogen (NOx) were injected into the
chamber from high-pressure cylinders. To simulate an urban atmosphere, an eleven-
component gas phase hydrocarbon mixture, which will be referred to as HC Mixture,
was injected into the chambers from a commercially prepared 10,000 ppmC in nitrogen
high-pressure tank. Pure liquid phase toluene was heated and vaporized in a U-tube
and flushed into the chamber with nitrogen gas.
Two different types of initial chamber aerosols were used in combination with the
above hydrocarbon mixture and toluene: atomized ammonium sulfate, (NH4)2SO4,
particles, and rural North Carolina background particles. Particle injections were
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made prior to gas injections of hydrocarbons and oxides of nitrogen. Ammonia sulfate
(NH4)2SO4 particles were injected through nine hospital nebulizers in parallel using a
clean airflow of approximately 20 liters per minute. Each nebulizer contained 100 mL
of 0.0025 molar (NH4)2SO4. Using this configuration, three 3 to fifteen minutes of
injection of (NH4)2SO4 was required to achieve 5 to 40 µg/m
3 of particles in one side
of the chamber. Rural background particles were carried into the chamber during the
venting of the chambers with rural background air.
Particle size measurements were made with two Scanning Mobility Particle Sizers
(SMPS) composed of Differential Mobility Analyzers and Condensation Particle
Counters (TSI 3080 with CPC TSI 3022A and TSI 3071 with CPC TSI 3025A,
Shoreview, MN). Sizing and total aerosol volumes measured by these instruments have
been evaluated by nebulizing solutions with polystyrene latex spheres of known sizes
and total particle mass by comparison to chamber filter samples (Hu and Kamens,
2007). Particle size distribution measurements are taken before injections to obtain
background levels on both sides of the chamber.
Ozone and oxides of nitrogen were measured by UV photometric and chemilumi-
nescent monitors (Thermo-Environmental 49P and Bendix Model 8101B analyzers)
and data were recorded every minute on an IOtech data logger. Ozone, NO, and
NO2 were calibrated by gas phase titration using a National Institute of Standards
and Technology (NIST) traceable 50 ppm NO in N2 tank before each experiment.
Hydrocarbon concentrations in each side of the chamber were monitored every 10
minutes by a series of gas chromatographs with flame ionization detector every 10
minutes, resulting in data for each side of the chamber with a. Shimadzu Model 14A
DB-1-30m capillary column for C5-C8 hydrocarbons, and a packed column Carlo Erba
model 4130, for C2-C4 hydrocarbons Varian 3800 (C2-C9) with a 60 m DB-1 and LN2
sample concentration was used to sample from each chamber each hour. Each GC
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was calibrated prior to each experiment using a standard mixture of hydrocarbons
(ethylene, propylene, cyclohexane, toluene, o-xylene) with known concentrations. More
details on the instruments and chambers can be found in previous publications (Hu
and Kamens, 2007).
A.2 Estimation of particle aqueous-phase concentration (H2O)particle
The water uptake data of (NH4)2SO4 particles containing toluene SOA, for de-
scending RH (Kleindienst et al., 1999) was well predicted by the theory developed
by (Chan et al., 1992). Figure S1 shows this data and a fifth order polynomial fit
used to predict particle aqueous-phase concentration for different values of RH. In the
present study, particles were nebulized into the chamber and not passed through a
dryer. Thus, it is reasonable to follow this descending water-uptake - RH relationship.
For background seed experiments, where particles contain a certain fraction of aged
organics and elemental carbon, temperatures over a range of 11C to 28C do not
influence water uptake, with RH being the controlling factor (Vartiainen et al., 1994).
Since the sulfate and nitrate measurements are 35% of the background particles at
the smog chamber, the water uptake capacity for background seed is assumed to be
35% of pure (NH4)2SO4 particles (Kamens et al., 2010).
(H2O)particle = 3.491031648717921e-09 (%RH)
5 - 5.720804994288972e-07 (%RH)4
+ 3.325782184860072e-05 (%RH)3 - 6.419832093997373e-04 (%RH)2 +
0.007691322751752 (%RH) + 0.00203552319860488
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Figure A.1: Polynomial fit to particle water-uptake versus descending humidity
relationship data from (Kleindienst et al., 1999).
A.3 Semi-volatile product formation implementation with CB05
gas-phase chemistry
Gas-phase chemistry in the chamber is simulated using CB05. For the toluene
decay reaction in CB05, an additional TOLRO2 radical product is added exclusively
as part of the SOA formation mechanism as shown in Reaction 2:
TOL + OH→ 0.88XO2 + 0.44HO2 + 0.36CRES + 0.56TO2 + 0.765TOLRO2 (A.1)
The stoichiometric coefficient for the generalized TOLRO2 radical is the summation of
the peroxy radical products taken from the SAPRC99 gas-phase mechanism (Carter,
2000). Additional reactions to characterize formation of high and low NOx SOA
involves competing reactions of TOLRO2 with NO and HO2:
TOLRO2 + NO
kTOLRO2+NO−−−−−−−−→ NO + TOLNRXN (A.2)
TOLRO2 + HO2
kTOLRO2+HO2−−−−−−−−→ HO2 + TOLHRXN (A.3)
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where, TOLNRXN and TOLHRXN are the counter species used to track the contri-
bution via reaction with NO and HO2 and kTOLRO2+NO and kTOLRO2+HO2 are the
rate constants for Reactions A.2 and A.3. The values for rate constants are assumed
to be same as corresponding peroxy radical reactions in SAPRC99 (Carter, 2000).
Species NO and HO2 are treated as products and reactants in Reactions A.2 and
A.3, to preserve the CB05 radical budget. Considering formation of m semi-volatile
products for high-NOx and n semi-volatile products for low-NOx pathways:
ctot,i,high = cgas,i,high + caer,i,high =
αi,high
0.765
(∆TOLNRXN)fori = 1,m (A.4)
ctot,i,low = cgas,i,low + caer,i,low =
αi,low
0.765
(∆TOLHRXN)fori = 1, n (A.5)
where, ctot,i,high (µg/m
3) is the total concentration of the empirical semivolatile product
i from high-NOx pathway (in gas and aerosol phase, cgas,i,high + caer,i,high) and ctot,i,low
(µg/m3) is the total concentration of the empirical semivolatile product i (in gas
and aerosol phase, cgas,i,low + caer,i,low) from low-NOx pathway. ∆TOLNRXN and
∆TOLHRXN are the corresponding change in counter species in [µg/m3]. α1,high,
α2,high...αm,high in Equation A.4 and α1,low, α2,low...αm,low in Equation A.5 represent the
stochiometric product coefficients determined in previous studies by fitting high-NOx
and low-NOx chamber data to a parameterized yield curve.
A.4 SOA Module with Equilibrium Gas-Particle Partitioning
The aerosol concentrations (caer) for the semivolatile species are solved for a set
of (m+ n) non-linear equations obtained using the absorptive partitioning theory as
adapted by (Schell et al., 2001)
caer,i = ctot,i − xic∗sat,ii = 1, (m+ n) (A.6)
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xi =
caer,i
MWi
m+n∑
j=1
/MWi + c0/MW0
(A.7)
where, ctot, i (µg/m
3) is the total concentration of product i (in gas and aerosol phase,
cgas,i + caer,i), xi is the mole fraction of product i in the absorbing organic phase, c0
(µg/m3) is the pre-existing organic aerosol mass concentration in the absorbing organic
phase, MW is the molecular weight and c∗sat,i (µg/m
3) is the saturation concentration
of semi-volatile product i at a particular temperature T . The temperature dependence
of saturation concentration is calculated using Clausius-Clapeyron equation
c∗sat,i = c
∗
sat,i(ref)
Tref
T
exp[
∆Hvap
R
(
1
Tref
− 1
T
)] (A.8)
where, c∗sat,i(ref) (µg/m
3) is the saturation concentration of product i at reference
temperature Tref (K), ∆Hvap (KJ/mol) is the enthalpy of vaporization and R is the
universal gas constant. c∗sat,i(ref) values are either obtained using curve-fitting to
experimental yield data for Odum-type two-product parameterizations (Odum et al.,
1996) or are assumed to represent volatility bins that are regularly spaced by factors
of 10 in c∗- space for VBS approach (Donahue et al., 2006). Solving the equation
set defined in Equation 7 yields the bulk aerosol composition at thermodynamic
equilibrium. All current toluene SOA modules assume instantaneous thermodynamic
equilibrium. Mechanism differences arise in the number and spacing of semi-volatile
products. (Ng et al., 2007) use an Odum-type two-product parameterization for
high-NOx conditions and a constant single product yield for low-NOx conditions. The
low-NOx product is assumed to be non-volatile with c∗sat value zero. (Hildebrandt et
al., 2009) use separate four semi-volatile products with c∗sat,i(ref) (µg/m
3) spaced by
factors of 10 in VBS parameterizations for both high- and low-NOx pathways. In the
model simulations here, semi-volatile products formed through high-NOx pathways
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are assumed to undergo condensed-phase oligomerization reactions that produce non-
volatile product (AOLGA) by a first order rate (Carlton et al., 2010), corresponding
to a 20-hour half-life based on the measurements by (Kalberer et al., 2004). The
molecular weight (MW) of the primary organic aerosol (POA) is assumed to be 162
g/mol (based on aged organic aerosol at Pittsboro site) and that of the oligomerized
component (AOLGA) is assumed to be 176.4 g/mol (Carlton et al., 2010).
A.5 Mathematical details of the fully dynamic partitioning approach
The total change in aerosol-phase mass concentration of semi-volatile product i is
obtained by combining the flux equation that determines the transport of i from gas
to particle-phase (Seinfeld and Pandis, 1998) and the particle number concentration
for each particle-size section:
dcg,i
dt
=
2piNkdp,kDi
2λ/adp,k + 1
(cg,i − xi,kc∗sat,iexp(
4σiυi
RTdp,k
)) (A.9)
where, Nk (m
-3) and dp,k (m) are the number concentration and mean diameter of
particles in size-bin section k, Di (m
2/s) is the gas-phase diffusivity of i, λ (m) is the
mean free path of air, a is the gas-particle accommodation coefficient, ca,i,k (µg/m
3)
is the aerosol-phase concentration of i in particle size-section k, cg,i (µg/m
3) is the
bulk gas-phase concentration of i and xi,k is the mole fraction of i in the aerosol
phase for size section k. The exponential term in Equation A.9 represents the Kelvin
effect correction for the equilibrium concentration of i at the particle surface, where
σi (N/m) is the surface tension of i and υi (m
3/mol) is the molar volume of i. The
change in bulk gas-phase concentration of i is,
dcg,i
dt
= Pi −
∑
k
dca,i,k
dt
(A.10)
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where, Pi (g m
-3 s-1) is the rate of production of i from chemical reaction.
A.6 Estimation of parameters for dynamic partitioning approach
and solution techniques
The dynamic partitioning approach requires assumptions of numerous parameters.
Diffusion coefficients, Di, are computed using expression from (Fuller et al., 1966).
Molar volumes, υi, are computed using expressions from (Tyn and Calus, 1975) that
require knowledge of critical volumes, υc,i . Based on explicit mechanisms for toluene
oxidation (Cao and Jang, 2010; Hu and Kamens, 2007), we assume relevant functional
groups for each empirical product depending on its saturation concentration (c∗sat,i)
and molecular weights. Critical volume, υc,i, is then calculated using Joback group
contribution method. Surface tension for all semi-volatile products is assumed to be
0.03 Nm-1 (Cai and Griffin, 2005; Koo et al., 2003).
The chemical kinetic solver Morpho developed by (Jeffries et al., 1998) is used to
solve the CB05 gas-phase chemistry. The individual SOA modules are concurrently
solved in MATLAB. For the equilibrium-partitioning modules, the set of non-linear
equations from Equation A.6 are solved using the Levenberg-Marquardt algorithm.
For the dynamic partitioning module, equation is solved using the explicit Euler
method. Photolysis rates were computed from the changing diurnal solar spectrum in
the chamber, absorption cross-sections and quantum yields (Jeffries et al., 1988).
In the case of no initial absorbing organic-phase in the aerosol, the gas-phase
concentration of semi-volatile products have to exceed a threshold concentration
before gas-particle partitioning can occur (Bowman et al., 1997; Schell et al., 2001)
m+n∑
i=1
cg,i
c∗sat,i
≥ 1 (A.11)
If this expression is lower than 1, no transfer of semi-volatile products from gas to
84
particle phase is assumed.
A.7 Glyoxal and methylglyoxal-formation, photolysis and OH-
reaction implementation
Reaction A.1 is modified as part of the SOA module to include species GLY SOA
and MGLY SOA:
TOL + OH → 0.88XO2 + 0.44HO2 + 0.36CRES + 0.56TO2 + 0.765TOLRO2 + 0.118GLY SOA + 0.119MGLY SOA
(A.12)
where, GLY SOA and MGLY SOA represent the gas-phase species glyoxal and
methylglyoxal that undergo uptake to particle aqueous-phase. The stoichiometric
coefficients for GLY SOA and MGLY SOA are from the glyoxal and methylglyoxal
products in TOL+OH reaction in SAPRC99 (Carter, 2000). To maintain integrity of
the CB05 gas-phase mechanism, which has been independently evaluated for ozone
chemistry (Yarwood et al., 2005), the SOA mechanism species are named differently
than any overlapping species in the gas-phase mechanism and reactions are added to
account for gas-phase losses, in a manner that does not alter the CB05 radical budget:
GLY SOA
hυ−→ (A.13)
GLY SOA + OH→ OH (A.14)
MGLY SOA
hυ−→ (A.15)
MGLY SOA + OH→ OH (A.16)
The cross section/quantum yields to compute the photolysis rate of GLY SOA and
MGLY SOA are obtained from SAPRC99.
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A.8 Calculation of Observed Yields
The aerosol mass yield, Y , is defined as:
Y =
CSOA
∆CToluene
(A.17)
where, CSOA (µg/m
3) is the total mass concentration of the secondary organic aerosol
formed in the system and ∆CToluene (µg/m
3) is the change in mass concentration of
toluene.
To determine CSOA, we first calculate the difference between total particle SMPS
mass and the sum of calculated LWC of aerosol seed and the remaining initial seed
after wall losses.
Cafterwall−losst,SOA = CSMPS − [LWCt + CPOAinit,0exp(
∫ t
0
−kwalldt) + Cinorganicinit,0 exp(
∫ t
0
−kwalldt)]
(A.18)
where, Cafterwall−losst,SOA (µg/m
3) is the total SOA in the chamber after wall losses, (µg/m3)
represents the total SMPS mass, LWCt is the liquid water content of the inorganic
aerosol present at time t (s), CPOAinit,0 (µg/m
3) and (µg/m3) are the initial concentrations
of pre-existing organic aerosol and inorganic aerosol in the chamber and kwall (s
-1) is
the first-order particle wall-loss constant appropriate for the experimental conditions.
The SOA mass is then corrected for wall losses for the duration of the experiment to
obtain Ct,SOA.
Ct,SOA = C
afterwall−loss
t,SOA exp(
∫ t
0
−kwalldt) (A.19)
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Figure A.2: Gas-phase O3, NO and (NO2+PAN+RNO3) observed and CB05 modeled
concentrations for Experiments 1 to 10.
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Figure A.3: Temporal profiles of individual SOA products using Odum-type parameter-
ization (Ng et al., 2007) in the equilibrium gas-particle partitioning module. AOLGA
= Non-volatile oligomerization product from high-NOx pathway semi-volatile products,
POA = pre-existing organic aerosol, PIA = pre-existing inorganic aerosol, (H2O)p =
particle aqueous-phase concentration, TM = total aerosol mass concentration.
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Figure A.4: Temporal profiles of individual SOA products using VBS product pa-
rameterization (Hildebrandt et al., 2009) in the equilibrium gas-particle partitioning
module described in section 2.2.2. AOLGA = Non-volatile oligomerization product
from high-NOx pathway semi-volatile products, POA = pre-existing organic aerosol,
PIA = pre-existing inorganic aerosol, (H2O)p = particle aqueous-phase concentration,
TM = total aerosol mass concentration.
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Figure A.5: Temporal profiles of individual SOA products using Odum-type pa-
rameterization (Ng et al., 2007) in dynamic gas-particle partitioning module with
aqueous-phase processes. AOLGA = Non-volatile oligomerization product from
high-NOx pathway semi-volatile products, POA = pre-existing organic aerosol, PIA
= pre-existing inorganic aerosol, (H2O)p = particle aqueous-phase concentration,
TOLPOLY = aqueous-phase SOA, TM = total aerosol mass concentration.
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Figure A.6: Temporal profiles of individual SOA products using VBS parameteri-
zation (Hildebrandt et al., 2009) in dynamic gas-particle partitioning module with
aqueous-phase processes described in section 2.2.3. AOLGA = Non-volatile oligomer-
ization product from high-NOx pathway semi-volatile products, POA = pre-existing
organic aerosol, PIA = pre-existing inorganic aerosol, (H2O)p = particle aqueous-
phase concentration, TOLPOLY = aqueous-phase SOA, TM = total aerosol mass
concentration.
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APPENDIX B
CHAPTER 3 SUPPLEMENTARY INFORMATION
Table B.1: Dynamic gas-particle partitioning parameters.Table S1. Dynamic gas-particle partitioning parameters 
2-Product Model 
High NOx 
vi, Molar volume (m3/mol) 1.65 x 10-4 1.36 x 10-4   
Di, Diffusivity (m2/s) 6.21 x 10-6 6.75 x 10-6   
!i, Surface Tension (N/m) 0.03 0.03   
Accommodation coefficient 0.015 0.015   
Low NOx 
vi, Molar volume (m3/mol) 1.93 x 10-4    
Di, Diffusivity (m2/s) 5.79 x 10-6    
!i, Surface Tension (N/m) 0.03    
Accommodation coefficient 0.0005    
Volatility basis-set 
High NOx 
vi, Molar volume (m3/mol) 1.65 x 10-4 1.55 x 10-4 1.46 x 10-4 1.36 x 10-4 
Di, Diffusivity (m2/s) 6.20 x 10-6 6.54 x 10-6 6.62 x 10-6 7.08 x 10-6 
!i, Surface Tension (N/m) 0.03 0.03 0.03 0.03 
Accommodation coefficient 0.002 0.002 0.002 0.002 
Low NOx 
vi, Molar volume (m3/mol) 1.93 x 10-4 1.74 x 10-4 1.55 x 10-4 1.36 x 10-4 
Di, Diffusivity (m2/s) 5.77 x 10-6 6.21 x 10-6 6.44 x 10-6 7.08 x 10-6 
!i, Surface Tension (N/m) 0.03 0.03 0.03 0.03 
Accommodation coefficient 0.0003 0.0003 0.0003 0.0003 
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Figure B.1: Comparison of modeled and measured concentrations of SOA for ex-
periment 3 (ST1707/S). The top figure shows predictions for SOA framework with
instantaneous gas-particle thermodynamic equilibrium The bottom figure shows pre-
dictions for SOA framework with dynamic gas-particle partitioning approach. The
solid black line represents the total modeled SOA in both particle organic-phase and
aqueous-phase. High NOx Xyl represents the modeled SOA mass from xylene due to
high-NOx pathway, Low NOx Xyl represents the modeled SOA mass from xylene
due to low-NOx pathway, High NOx Tol represents the modeled SOA mass from
toluene due to high-NOx pathway, Low NOx Xyl represents the modeled SOA mass
from toluene due to low-NOx pathway. Org-ph Olig is the modeled SOA through
assumed oligomerization of high-NOx products in particle organic-phase at the rate
suggested by Kalberer et al. Aq-ph SOA is the modeled aqueous-phase SOA from
glyoxal and methylglyoxal uptake.
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Figure B.2: Comparison of modeled and measured concentrations of SOA for ex-
periments with estimated liquid water content (LWC) < 1µg/m3. Model choices
- Gas-phase mechanism: SAPRC07, SOA model: Volatility basis set (VBS). The
solid black line represents the total modeled SOA in both particle organic-phase and
aqueous-phase. High NOx Xyl represents the modeled SOA mass from xylene due to
high-NOx pathway, Low NOx Xyl represents the modeled SOA mass from xylene
due to low-NOx pathway, High NOx Tol represents the modeled SOA mass from
toluene due to high-NOx pathway, Low NOx Xyl represents the modeled SOA mass
from toluene due to low-NOx pathway. Org-ph Olig is the modeled SOA through
assumed oligomerization of high-NOx products in particle organic-phase at the rate
suggested by Kalberer et al. Aq-ph SOA is the modeled aqueous-phase SOA from
glyoxal and methylglyoxal uptake.
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Figure B.3: Comparison of modeled and measured concentrations of SOA for ex-
periments with estimated liquid water content (LWC) < 1µg/m3. Model choices
- Gas-phase mechanism: CB05, SOA model: Volatility basis-set (VBS). The solid
black line represents the total modeled SOA in both particle organic-phase and
aqueous-phase. High NOx Xyl represents the modeled SOA mass from xylene due to
high-NOx pathway, Low NOx Xyl represents the modeled SOA mass from xylene
due to low-NOx pathway, High NOx Tol represents the modeled SOA mass from
toluene due to high-NOx pathway, Low NOx Xyl represents the modeled SOA mass
from toluene due to low-NOx pathway. Org-ph Olig is the modeled SOA through
assumed oligomerization of high-NOx products in particle organic-phase at the rate
suggested by Kalberer et al. Aq-ph SOA is the modeled aqueous-phase SOA from
glyoxal and methylglyoxal uptake.
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Figure B.4: Comparison of modeled and measured concentrations of SOA for ex-
periments with estimated liquid water content (LWC) < 1µg/m3. Model choices -
Gas-phase mechanism: SAPRC07, SOA model: 2-product (2P). The solid black line
represents the total modeled SOA in both particle organic-phase and aqueous-phase.
High NOx Xyl represents the modeled SOA mass from xylene due to high-NOx
pathway, Low NOx Xyl represents the modeled SOA mass from xylene due to
low-NOx pathway, High NOx Tol represents the modeled SOA mass from toluene
due to high-NOx pathway, Low NOx Xyl represents the modeled SOA mass from
toluene due to low-NOx pathway. Org-ph Olig is the modeled SOA through assumed
oligomerization of high-NOx products in particle organic-phase at the rate suggested
by Kalberer et al.. Aq-ph SOA is the modeled aqueous-phase SOA from glyoxal and
methylglyoxal uptake.
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Figure B.5: Comparison of modeled and measured concentrations of SOA for ex-
periments with estimated liquid water content (LWC) < 1µg/m3. Model choices
- Gas-phase mechanism: CB05, SOA model: 2-product (2P). The solid black line
represents the total modeled SOA in both particle organic-phase and aqueous-phase.
High NOx Xyl represents the modeled SOA mass from xylene due to high-NOx
pathway, Low NOx Xyl represents the modeled SOA mass from xylene due to
low-NOx pathway, High NOx Tol represents the modeled SOA mass from toluene
due to high-NOx pathway, Low NOx Xyl represents the modeled SOA mass from
toluene due to low-NOx pathway. Org-ph Olig is the modeled SOA through assumed
oligomerization of high-NOx products in particle organic-phase at the rate suggested
by Kalberer et al.. Aq-ph SOA is the modeled aqueous-phase SOA from glyoxal and
methylglyoxal uptake.
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Figure B.6: Comparison of modeled and measured concentrations of SOA for ex-
periments with estimated liquid water content (LWC) > 1µg/m3. Model choices
- Gas-phase mechanism: SAPRC07, SOA model: Volatility basis-set (VBS). The
solid black line represents the total modeled SOA in both particle organic-phase and
aqueous-phase. High NOx Xyl represents the modeled SOA mass from xylene due to
high-NOx pathway, Low NOx Xyl represents the modeled SOA mass from xylene
due to low-NOx pathway, High NOx Tol represents the modeled SOA mass from
toluene due to high-NOx pathway, Low NOx Xyl represents the modeled SOA mass
from toluene due to low-NOx pathway. Org-ph Olig is the modeled SOA through
assumed oligomerization of high-NOx products in particle organic-phase at the rate
suggested by Kalberer et al.. Aq-ph SOA is the modeled aqueous-phase SOA from
glyoxal and methylglyoxal uptake.
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Figure B.7: Comparison of modeled and measured concentrations of SOA for ex-
periments with estimated liquid water content (LWC) > 1µg/m3. Model choices
- Gas-phase mechanism: CB05, SOA model: Volatility basis-set (VBS). The solid
black line represents the total modeled SOA in both particle organic-phase and
aqueous-phase. High NOx Xyl represents the modeled SOA mass from xylene due to
high-NOx pathway, Low NOx Xyl represents the modeled SOA mass from xylene
due to low-NOx pathway, High NOx Tol represents the modeled SOA mass from
toluene due to high-NOx pathway, Low NOx Xyl represents the modeled SOA mass
from toluene due to low-NOx pathway. Org-ph Olig is the modeled SOA through
assumed oligomerization of high-NOx products in particle organic-phase at the rate
suggested by Kalberer et al. Aq-ph SOA is the modeled aqueous-phase SOA from
glyoxal and methylglyoxal uptake.
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Figure B.8: Comparison of modeled and measured concentrations of SOA for ex-
periments with estimated liquid water content (LWC) > 1µg/m3. Model choices -
Gas-phase mechanism: SAPRC07, SOA model: 2-product (2P). The solid black line
represents the total modeled SOA in both particle organic-phase and aqueous-phase.
High NOx Xyl represents the modeled SOA mass from xylene due to high-NOx
pathway, Low NOx Xyl represents the modeled SOA mass from xylene due to
low-NOx pathway, High NOx Tol represents the modeled SOA mass from toluene
due to high-NOx pathway, Low NOx Xyl represents the modeled SOA mass from
toluene due to low-NOx pathway. Org-ph Olig is the modeled SOA through assumed
oligomerization of high-NOx products in particle organic-phase at the rate suggested
by Kalberer et al.. Aq-ph SOA is the modeled aqueous-phase SOA from glyoxal and
methylglyoxal uptake.
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Figure B.9: Comparison of modeled and measured concentrations of SOA for ex-
periments with estimated liquid water content (LWC) > 1µg/m3. Model choices
- Gas-phase mechanism: CB05, SOA model: 2-product (2P). The solid black line
represents the total modeled SOA in both particle organic-phase and aqueous-phase.
High NOx Xyl represents the modeled SOA mass from xylene due to high-NOx
pathway, Low NOx Xyl represents the modeled SOA mass from xylene due to
low-NOx pathway, High NOx Tol represents the modeled SOA mass from toluene
due to high-NOx pathway, Low NOx Xyl represents the modeled SOA mass from
toluene due to low-NOx pathway. Org-ph Olig is the modeled SOA through assumed
oligomerization of high-NOx products in particle organic-phase at the rate suggested
by Kalberer et al.. Aq-ph SOA is the modeled aqueous-phase SOA from glyoxal and
methylglyoxal uptake.
101
8 9 10 11 12 13 14 15 16 17 18
0
2
4
6
AU1407/S
EST (hours)
S O
A  
µ
 g
/ m
3
8 9 10 11 12 13 14 15 16 17 18
0
1
2
3
4
ST1707/N
EST (hours)
 
 
Modeled SOA High NOx ? Xyl Low NOx ? Xyl High NOx ? Tol Low NOx ? Tol Org?ph Olig Aq?ph SOA Observed SOA
8 9 10 11 12 13 14 15 16 17 18
0
1
2
3
4
ST1707/S
EST (hours)
S O
A  
µ
 g
/ m
3
8 9 10 11 12 13 14 15 16 17 18
0
5
10
OC0208/N
EST (hours)
8 9 10 11 12 13 14 15 16 17 18
0
0.5
1
1.5
2
OC0208/S
EST (hours)
S O
A  
µ
 g
/ m
3
7 8 9 10 11 12 13 14 15 16 17 18
0
2
4
6
JL1207/S
EST (hours)
8 9 10 11 12 13 14 15 16 17 18
0
5
10
OC3108/N
EST (hours)
S O
A  
µ
 g
/ m
3
8 9 10 11 12 13 14 15 16 17 18
0
1
2
3
4
5
OC2608/N
EST (hours)
Figure B.10: Comparison of modeled and measured concentrations of SOA for experi-
ments with estimated liquid water content (LWC) < 1µg/m3. The results shown here
use the reactive surface-uptake model for glyoxal/methylglyoxal uptake as described
in Eq. 9. Model choices - Gas-phase mechanism: SAPRC07, SOA model: Volatility
basis set (VBS).
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Figure B.11: Comparison of modeled and measured concentrations of SOA for experi-
ments with estimated liquid water content (LWC) > 1µg/m3. The results shown here
use the reactive surface-uptake model for glyoxal/methylglyoxal uptake as described
in Eq. 9. Model choices - Gas-phase mechanism: SAPRC07, SOA model: Volatility
basis set (VBS).
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